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EDITORIAL 


Solving reproducibility 


he reproducibility problem in science is a familiar 
issue, not only within the scientific community, 
but with the general public as well. Recent devel- 
opments in social psychology (such as fraudulent 
research by D. Stapel) and cell biology (the Am- 
gen Inc. and Bayer AG reports on how rarely they 
could reproduce published results) have become 
widely known. Nearly every field is affected, from clini- 
cal trials and neuroimaging, 
to economics and computer 
science. Obvious solutions 
include more research on 


Laura and John Arnold Foundation in partnership 
with the Center for Open Science). Among its many 
features, this platform can enable scientists to easily 
track the history of all versions of every document or 
data set and the exact contributions made by each team 
member. All project materials can be given persistent 
identifiers, and the tracking of provenance allows any 
subsequent research project to give proper credit to the 
original. Projects using this 
platform include the Shared 
Access Research Ecosystem 
project of the Association 
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statistical and behavioral of Research Libraries and and John Arnold 
fixes for irreproducibility, its partners. This project Foundation, 
activism for policy changes, endeavors to connect schol- Houston, TX. 
and demanding more pre- arly metadata and allow the E-mail: sbuck@ 
registration and data shar- identification of various ele- arnoldfoundation. 
ing from grantees. Two Per- ments of a research project, org 
spectives in this issue (pp. such as grant proposals, 
1420 and 1422) describe how journal articles, and data 
journals and academic insti- repository information. 
tutions can foster a culture Open-source platform 
of reproducibility. Transpar- innovations are growing. 
ency is central to improving Other examples include 
reproducibility, but it is ex- the iPython project (sup- 
pensive and time-consum- ported largely by the Alfred 
ing. What can be done to al- P. Sloan Foundation), which 
leviate those obstacles? offers a web-based com- 
Most scientists aspire to puting notebook for users 
greater transparency, but if co : to create documents such 
being transparent taps into , Transp arency is central to as code, computational re- 
scarce grant money and re- unproving repr oducibility...” sults, and narrative expla- 
quires extra work, it is un- nations. Although originally 
likely that scientists will be developed around the Py- 
able to live up to their own cherished values. Thus, one | thon language, the project has expanded to cover other 
of the most effective ways to promote high-quality sci- | languages (such as R) under the banner of Project Jupy- 
ence is to create free open-source tools that give scien- | ter. The Galaxy Project (funded by the U.S. National 
tists easier and cheaper ways to incorporate transparency | Science Foundation and others) provides a web-based 
into their daily workflow: from open lab notebooks, to | platform for “data-intensive” biomedical research; and 
software that tracks every version of a data set, to dy- | for managing bioinformatics and phylogenetic research 
namic document generation. Moreover, scientists who | on plants, there is the iPlant Collaborative. 
use open-source software are not locked into proprietary The scientific community cannot depend entirely on 
software platforms with unclear monetization plans. If | volunteers or the private market to develop free plat- 
philanthropy or government funds new tools that the | forms that address specialized scientific needs and 
open-source community can iterate and improve on, the | encourage greater reproducibility. Ultimately, the in- 
per-dollar return on investment can far exceed the costs. frastructure supporting science is a public good, just 
Infrastructural tools are now available, or in develop- | like the knowledge it produces. By supporting such in- 
ment, that should help to catalyze a change in scientific | frastructure, the public and philanthropic sectors can 
transparency. One example is the Open Science Frame- | make it painless for researchers to live up to their own 
work (OSF), a free and open-source software platform | values of openness and rigor. 
for managing scientific workflow (supported by the - Stuart Buck 
10.1126/science.aac8041 
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Kennewick 
Man was Native 
American 


O scientists, this 

nearly complete skel- 

eton, found in 1996 in 

Washington state, is 

the “Kennewick Man.” 

To Native Americans, 
he is the “Ancient One.” 
Eleven years ago, after Native 
Americans sought to gain 
custody of these 8500-year-old 
bones in order to rebury them, 
the federal courts ruled he “ 
was not related to any modern ili 
tribe. That gave scientists the "sal! 
right to study him, although 
several attempts to sequence 
his DNA had failed. But last 
week, researchers reported on- 
line in Nature that they have 
sequenced Kennewick Man’s 
genome—and the results, 
they say, leave little room for 
doubt that he was a Native 
American. Kennewick Man, 
they found, is closely related 
to at least one of the five 
Washington-area tribes that 
claimed him: the Colville. The 
US. Army Corps of Engineers, 
which has custody of the skel- 
eton, now says it will reopen 
the case for the Ancient One’s 
repatriation to the tribes. 


1404 26 JUNE 2015 + VOL 348 ISSUE 6242 


Investment from pharmaceutical giant GlaxoSmithKline toward the new nonprofit 
Altius Institute for Biomedical Sciences, which will be devoted to studying gene 
regulation with the ultimate aim of treating diseases. 
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Experts slam research whale kills 


SAN DIEGO, CALIFORNIA | For the third 
time in 15 months, experts have concluded 
there is no justification for Japan to kill 
whales for research. Opinion was split in 
last week’s report from the annual meet- 
ing of the Scientific Committee of the 
International Whaling Commission (IWC), 
but 44 scientists from 13 countries noted 
that “the need for lethal sampling has not 
been demonstrated.” In 2014, The Hague- 
based International Court of Justice 
ordered Japan to halt its Antarctic Ocean 
research whaling program, stating that the 
lethal sampling was not justified. Japan 
drew up a new plan, which an IWC expert 
panel also rejected in February. Japan has 
not yet decided if it will resume killing 
whales as part of its Antarctic research 
whaling program, said Joji Morishita, the 
nation’s representative to IWC, at a press 
conference this week—but, he said, IWC’s 
Scientific Committee “does not have juris- 
diction to approve or deny the research 
plan.” The entire IWC will take up the issue 
when it meets in September 2016. 
http://scim.ag/IWCreswhale 


TMT construction to resume 


MAUNA KEA, HAWAII | Astronomers 

have decided to restart construction of 

a controversial telescope in Hawaii that 
has been the subject of protests by Native 
Hawaiian groups (Science, 10 April, 

p. 160). At press time, the board planned 
to resume construction of the Thirty 
Meter Telescope (TMT) on the Mauna Kea 
volcano on Wednesday, 24 June, accord- 
ing to a statement issued 20 June by 

the telescope’s governing board. “We are 
now comfortable that we can be better 
stewards and better neighbors during our 
temporary and limited use of this precious 
land,” wrote Henry Yang, chair of the TMT 
International Observatory Board, in the 
statement. The move comes after Hawaii’s 
governor, David Ige (D), announced 
measures on 26 May—including a call to 
remove about a quarter of Mauna Kea’s 

13 existing telescopes—aimed at address- 
ing the concerns of Native Hawaiian 
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Africa’s vulture populations plummet 


ne of nature’s best scavengers is under seri- 
ous threat in Africa. Populations of seven 
species of vulture have fallen by 80% or more 
over three generations, qualifying the majority 
of Africa's species as critically endangered, 
scientists reported online last week in Conservation 
Letters. Despite their gloomy reputation, vultures 
provide valuable services; by cleaning the carcasses 
of dead animals, for example, they keep numbers of 
feral dogs in check, reducing transmission rates for 


PHOTOS: (TOP TO BOTTOM) © KRYS BAILEY/ALAMY; PIERRE GROS 


protesters who claim the mountain as 
sacred ground. http://scim.ag/TMTrestart 


Company halts Ebola drug trial 


PORT LOKO, SIERRA LEONE | Aclinical 
trial of a promising Ebola drug has been 
stopped early after it apparently failed to 
show a benefit to patients. The drug, called 
TKM-Ebola-Guinea, is a set of small RNA 
molecules packaged in lipid nanoparticles. 
It interferes with Ebola genes and prevents 
the virus from replicating. In animal trials, 
the drug saved monkeys from an otherwise 
deadly dose of the virus. But on 19 June, 
Tekmira Pharmaceuticals, the company 
that makes the drug, announced that 
disappointing early results had prompted 
them to stop enrolling people in the trial, 
which originally aimed for 100 patients. 
Meanwhile, a trial of the other drug seen as 
the best shot at fighting Ebola, the antibody 
cocktail ZMapp, is expanding to Guinea 
after enrolling more than 30 patients in the 
United States, Liberia, and Sierra Leone. 
http://scim.ag/TKMtrialend 


NEWSMAKERS 
France fills top science policy post 


French President Francois Hollande last 
week appointed political scientist Thierry 
Mandon as the new state secretary for 
higher education and research, a post that 
has been vacant since Geneviéve Fioraso 
stepped down in March. The hiring delay 
sparked discontent among scientists, who 
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said it betrayed a fundamental lack of 
interest in research. Mandon knows the 
research world well; he was president of 
Genopole, a biotechnology and genomics 
research cluster near Paris, from 1998 to 
2014. Since June 2014, he has been state 
secretary for state reform and simplifi- 
cation, responsible for making French 
public authorities more efficient and 
user-friendly. He faces many challenges, 
including a recent €100 million cut in 
government funding for universities, 
which has fueled anxiety about the 2016 
budget, currently under negotiation. 
http://scim.ag/_Mandon 


FINDINGS 
New Guinea flatworm invades U.S. 


Nearly 2 years after its debut in Europe, 
an invasive flatworm with a taste for 
snails has arrived on the U.S. mainland. 
The New Guinea flatworm (Platydemus 
manokwart) is the only flatworm on the 
Global Invasive Species Database’s list of 


Published by AAAS 


rabies. And Egyptian vultures (Neophron percnop- 
terus, pictured) have been found to remove up to 
22% of waste produced in towns along the Horn 
of Africa. The main threat to the vultures appears 
to be poison, the researchers found; vultures are 
often incidental victims when farmers target lions 
or hyenas by lacing carcasses with pesticides. 
Poachers aiming to hide their kills of rhinos and 
elephants are also increasingly shooting the birds 
circling overhead. http://scim.ag/vulturepopul 


100 of the world’s most dangerous invaders. 
Thought to originate from its namesake 
Pacific island, the predatory flatworm had 
been identified in 15 countries (including 
the United States, in Hawaii). Now, using 
molecular gene analysis and observations 
of the worm’s color and shape, scientists 
have documented additional sightings, 

in Singapore, the Solomon Islands, New 
Caledonia, and the United States (Puerto 
Rico and Florida), they report this week 
in PeerJ. In particular, the discovery of the 
worm in several Miami gardens has some 
scientists raising the alarm, fearing that 

it is poised to spread throughout the U.S. 
mainland. However, freezing temperatures 
may help restrict the worm’s range. 
http://scim.ag/flatworminv 


Running out of groundwater 


Water levels in more than half of the world’s 
37 largest groundwater aquifers—a source 

of fresh water for hundreds of millions of 
people—are being depleted at alarming rates 
due to demands from agriculture, growing 
populations, and industry, suggest new data 
from the twin satellites of NASA’s Gravity 
Recovery and Climate Experiment mission. 
Using slight changes in the gravitational tugs 
on the two satellites, researchers estimated 
how fast the basins were gaining or losing 
water. Of the 37 basins, 21 showed declin- 
ing water levels from 2003 to 2013; eight of 
those weren't being naturally replenished at 
all, and another five only slightly replen- 
ished, the team reported online last week in 
two papers in Water Resources Research. 
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Surviving Ebola survival 


After recovering from Ebola, some patients are struggling with other health problems 


By Kai Kupferschmidt 


he Ebola outbreak in West Africa is 

far from over. That is true for those 

still battling the deadly disease in 

Sierra Leone and in Guinea, where 

24 new cases were confirmed last 

week, up from 12 cases 4 weeks ago. 
And it is true for the thousands 
who survived the infection but 
are reeling from the shock of 
their experiences and, in many 
instances, still suffering symp- 
toms long after being declared 
free of the virus. Now, large 
studies have begun to catalog 
these sequelae and to help make 
sense of this “post-Ebola syndrome.” 

Foday Gallah, a 37-year-old Liberian am- 
bulance worker, fell ill in August after pick- 
ing up an Ebola-stricken child. He survived 
the disease but today suffers from memory 
problems and a chronic headache. His left 
knee hurts, his eyes burn, and he some- 
times gets double vision. 

Gallah’s story is not unusual, says Mosoka 
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Fallah, the principal investigator of the PRE- 
VAIL III study launched last week by the U.S. 
National Institute of Allergy and Infectious 
Diseases (NIAID) and the Liberian ministry 
of health. (PREVAIL I is an Ebola vaccine 
study; PREVAIL II is testing potential Ebola 
drugs.) Fallah hopes to enroll 1500 Ebola sur- 
vivors and 6000 close contacts in the study. 


“Some of them have lost their jobs, 
they have been driven from their homes, 


relatives have abandoned them.” 
Mosoka Fallah, principal investigator of PREVAIL III 


The group will examine not only the long- 
term health effects of contracting Ebola, but 
also whether survivors are protected from 
future infections and whether some may still 
be able to pass the virus on to others. 
Several Ebola outbreaks have occurred in 
recent decades, and hundreds of infected 
people beat the virus. But more people 
have survived the current outbreak than 
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People who recovered 
from Ebola place handprints 
ona “survivor wall.” 


all previous others combined. At least 
16,000 people survived an infection in 
West Africa, the World Health Organization 
(WHO) estimates. 

Earlier research has shown that Ebola 
survivors can have health problems even 
years after defeating the virus. One study, 
published earlier this year in The Lan- 
cet Infectious Diseases, exam- 
ined survivors of a 2007 Ebola 
outbreak in Uganda that was 
caused by a less deadly species 
of the virus called Bundibugyo. 
In 2010, scientists went back to 
the area and compared 49 sur- 
vivors with more than 200 un- 
infected contacts. They found 
that survivors were more likely to suffer 
from hearing loss, eye pain, blurred vision, 
difficulty sleeping, and other symptoms. 

The same seems to be happening in West 
Africa. Fallah says that a survey among 
Ebola survivors found that one-third suf- 
fered from fatigue and one-fifth from hear- 
ing impairments, for instance. Doctors who 
treated infected health care workers flown 


sciencemag.org SCIENCE 


PHOTO: © MARCUS DIPAOLA/NURPHOTO/CORBIS 


Downloaded from www.sciencemag.org on June 26, 2015 


NEWS 


to Europe or the United States report the 
same. Anthony Fauci, who heads NIAID, 
has helped treat two Ebola patients in the 
United States. Both showed some symptoms 
even after they had fully recovered from the 
acute infection, he says. “When I call up col- 
leagues and ask if they are running into the 
same problems, they say, ‘Yes’” 

At least three explanations are possible, 
says Danielle Clark, an epidemiologist at the 
Naval Medical Research Center in Fort Det- 
rick, Maryland, who headed the Bundibugyo 
study. The lingering symptoms may stem 
from cells and organs damaged by the virus 
before it was brought under control. They 
could be a side effect of the immune sys- 
tem battling the virus, or a sign the immune 
system has subsequently turned on its own 
body. In that scenario, 
the immune system does 
its job, recognizing cer- 
tain structures on the 


Ebola’s 


to see if there may have been silent infec- 
tions and to understand when antibodies 
arise and for how long,” says study co- 
leader Eric Delaporte. 

Indeed, one of the most pressing ques- 
tions is whether the virus still lurks in some 
survivors and, if it does, whether that poses 
a risk to others. Ebola virus can persist in 
the seminal fluid of men who have cleared 
the virus from their blood. Before the out- 
break in West Africa, the longest reported 
time was 82 days after symptom onset. But 
in one recent case, genetic material from 
Ebola virus was isolated from the semen of 
a survivor 199 days after symptom onset, 
prompting WHO to change its advice on sex- 
ual transmission. It now recommends that 
survivors use condoms until their semen 
has twice tested negative 
or for at least 6 months 
after symptom onset. 
If sexual transmission 


virus and fighting off the 
invader, but then trains 
its weapons on noncom- 
batants. “If there are 
structurally similar host 
molecules, the immune 
system gets confused 
and starts fighting that,” 
Clark says. 

The eye seems to be af- 
fected frequently, possi- 
bly because the immune 
system’s reach does not 
normally extend to the 
organ. U.S. doctor and 
survivor Ian Crozier was 
found to have Ebola vi- 
rus in his eye more than 


lingering legacy 
Some survivors are report- 
ing symptoms long after 
the acute infection. Several 
studies are underway to 
assess how common this is 
and whether these people 
still harbor the virus. 


Eye inflammation, pressure, 
pain, blurred vision 
Hearing loss 


Headache, attention 
difficulties, memory problems 


Joint pain and stiffness, 
muscle weakness 


occurs, it is infrequent, 
says Dan Bausch, an in- 
fectious disease special- 
ist at WHO in Geneva, 
Switzerland. Still, even a 
single case could lead to 
a new outbreak, he says. 
“T don’t think we need to 
panic over that, but we 
need to recognize it.” 
Many survivors not 
only have to deal with 
the sequelae of the dis- 
ease, but also with the 
psychological fallout of 
their traumatic expe- 
riences, Bausch _ says. 
“There is post-traumatic 


2 months after the virus 
had disappeared from 
his blood. 

Other viruses haunt 
people after they have 
recovered. Lassa virus infections can cause 
hearing loss, for instance, and dengue fever, 
chikungunya, and Rift Valley fever can all 
lead to chronic problems after the acute 
infection. “By studying Ebola, we may get 
insight into these other infections as well,’ 
Clark says, including who is particularly at 
risk for lingering symptoms. 

The PREVAIL III study will follow par- 
ticipants for 5 years with a physical exam 
every 6 months. Investigators will collect 
blood as well as sweat, tears, and semen 
or cervical secretions from some survivors 
and from close contacts. INSERM, the 
French biomedical research agency, has 
already started a similar study in Guinea, 
called Postebogui, which aims to follow 
450 patients for a year, checking them ev- 
ery 3 months. “We will also check contacts 
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Erectile dysfunction 


Fatigue, difficulty sleeping 


stress disorder, anxiety, 
depression. Those things 
are much harder for us 
to measure.” Then there 
is stigmatization. “Some 
of them have lost their jobs, they have been 
driven from their homes, relatives have 
abandoned them,” Fallah says. He hopes that 
studies such as PREVAIL III will increase 
knowledge about survivors and so help over- 
come unfounded fears. “Imagine you survive 
this terrible disease, then you come home 
and may have five or six family members 
dead and you are fighting with the conse- 
quences of Ebola and then the stigmatiza- 
tion as well,’ Bausch says. 

The uncertainty is hard to bear, Gallah 
says. “We don’t know what our life is going 
to be like for the next 5 or 6 or 10 years.” 
He hopes he will be able to go back to work 
soon. “At least when I’m busy doing some- 
thing, I feel OK. When I sit by myself, my 
mind just goes back to the terrible things I 
went through.” & 
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GENETICS 


An enhanced 
view of gene 
control 


Chromosomal loops and 
domains help enhancers 
turn on genes 


By Elizabeth Pennisi, 
in Cold Spring Harbor, New York 


enes may be the stars in a cell’s nu- 

cleus, but they would never shine 

without a strong supporting cast. 

Take the stretches of regulatory DNA 

called enhancers, which help turn 

genes on at the right times and places. 
Although researchers have scrutinized genes 
as closely as the paparazzi track Hollywood 
celebrities, enhancers have largely stayed in 
the background, their workings a mystery. 
A recent genetics meeting here signaled a 
change: In talk after talk, researchers de- 
scribed where and how these quiet fixers 
exert their influence. 

One group showed how enhancers main- 
tain the right level of sensitivity to other sig- 
nals, so that they switch genes on only at the 
right times and places. Others explored how 
cells package genes and their enhancers so 
that they can work together properly, and 
how DNA forms loops that bring enhancers 
right to the target gene. The advances even 
point to strategies for exploiting these regu- 
latory elements to treat disease, by switching 
off disease genes and turning up the activity 
of healthy ones. 

“We've been talking about [enhancers] 
for a long time,’ says Susan Gasser, direc- 
tor of the Friedrich Miescher Institute for 
Biomedical Research in Basel, Switzerland. 
“But now we are really beginning to under- 
stand them.” 

One revelation is that it doesn’t pay for an 
enhancer to be too good at its job. Enhancers 
switch on genes when transcription factors 
and other proteins bind to specific segments 
in the enhancer DNA. By tinkering with one 
enhancer’s sequence, Michael Levine from 
the University of California, Berkeley, and 
his colleagues found that, in principle, en- 
hancers could be more sensitive to the sig- 
nals that activate them. They focused on the 
enhancer for Otz, a gene that plays a role in 
nervous system development. 

The Otx enhancer attracts two proteins, 
each of which uses a different four-base 
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sequence as a landing site. In Levine's lab, 
Emma Farley randomly changed bases 
outside these proteins’ binding sites. She 
made about a million variations of the Otx 
enhancer, linking each variant to another 
sequence that serves as an identifying “bar- 
code” and to a reporter gene that indicated 
when the enhancer was active by producing 
a pigment. Tiny marine invertebrates called 
sea squirts can be made to take up DNA sim- 
ply by applying a mild electric shock, so the 
researchers easily made many thousands of 
transgenic sea squirt embryos incorporating 
the various enhancers. 

They found that enhancers 
can vary quite a bit and still 
work: About 100,000 variants 
produced detectable enhancer 
activity in some of the squirts’ 
cells, and 20,000 invoked stron- 
ger or more consistent expres- 
sion than the native sequence. 
The most active of these 20,000 
enhancer variants had a partic- 
ular DNA pattern, with identi- 
cal bases on either side of each 
protein-binding site, Levine re- 
ported. Initially, he was puzzled 
that the native Otx enhancer 
doesn’t have the same, seem- 
ingly optimal flanking bases. 
But further tests showed that 
the “optimal” enhancer actually 
isn’t: It turned on Otx inappro- 
priately, in the wrong tissues. In 
nature, “the enhancer is inten- 
tionally mediocre,’ Levine says. 
“There's a_ trade-off between 
[binding] levels and specificity.” 
It makes sense, he adds: A hair- 
trigger switch that could be acti- 
vated by stray protein molecules 
is as risky for an organism as a 
switch that does not turn on 
when it should. 

Cells have a second strategy 
for ensuring that enhancers op- 
erate properly: packaging them relatively 
close to the genes they activate. Three years 
ago, Job Dekker, a biologist at the University 
of Massachusetts Medical School in Worces- 
ter, and others reported evidence that 
enhancer-gene connections were not scat- 
tered willy-nilly, but instead occur within 
“topologically associating domains,’ or 
TADs, distributed along each chromo- 
some. Each TAD encompassed a handful 
of genes and dozens of enhancers, he and 
others estimated. 

The proposal faced some skepticism, so 
Dekker took a close look at a much-studied 
gene, CFTR, that is mutated in people with 
cystic fibrosis. The gene, which encodes 
an ion channel, interacts with different 
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Topologically associating domains 


enhancers in each of the five cell types his 
team looked at. In every case, the enhancers 
and the gene were all found within the same 
stretch of chromosome—the apparent TAD. 

TADs may be a way of limiting a gene’s ex- 
posure to spurious activation by the wrong 
enhancers, or they may help ensure that 
genes that need to work in synchrony do 
so, Dekker and others suggest. Either way, 
what’s becoming clear, Levine says, is that 
the TAD “is a very fundamental unit of ge- 
nome organization and function.” 

That still leaves a geometrical question: 


In the loop 


Chromosome regions called topologically associating domains concen- 
trate genes and regulatory DNA known as enhancers. DNA loops then 
bring enhancers, with regulatory proteins, to a gene to turn it on. 

Tying enhancer activity to a reporter gene can reveal when it goes to 
work, as in sea squirt tadpoles (below, green). 


- Enhancer 
Gene 


Enhancer binding sites 


Enhancers and their target genes are often 
some distance apart in a TAD, so how do 
they get together? The answer appears to 
be that DNA loops within TADs juxtapose 
enhancers and genes. Dekker, for example, 
showed that three of the five studied cell 
types activate CFTR, but do so at different 
times and under different conditions and 
form different loops to bring the appropri- 
ate enhancers to the gene. They did these 
studies using a technique called chromo- 
some conformation capture that detects 
what pieces of DNA are in close contact with 
one another. 

Beyond offering new insight into the 
workings of the nucleus, such findings 
open the possibility of changing it. Molecu- 
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lar biologist Gerd Blobel of the Children’s 
Hospital of Philadelphia in Pennsylvania, 
for example, detailed his ongoing efforts to 
modify a gene-enhancer loop as a treatment 
for sickle cell anemia. 

In this disorder, a gene for making a sub- 
unit of the oxygen-carrying protein complex 
hemoglobin is defective, causing the pro- 
duction of misshapen red blood cells. But 
the body has another type of hemoglobin 
that’s active only during fetal development. 
Several therapeutic strategies, including one 
on the market today, work by elevating pro- 
duction of fetal hemoglobin. 

Last year, Blobel’s team re- 
ported cell studies in which 
they down-regulated the pro- 
duction of adult hemoglobin 
and boosted fetal hemoglobin 
by altering the loop that nor- 
mally brings an enhancer called 
LCR into contact with the adult 
hemoglobin gene. “It’s not con- 
ventional gene therapy and it’s 
not gene correction, but it’s edit- 
ing how the genome is folded,” 
Blobel explains. 

The technique involves mak- 
ing a two-fisted protein in which 
one “fist” is part of a zinc finger 
protein that recognizes and 
binds to the fetal hemoglobin 
gene, and a second “fist” is a 
segment of a cofactor protein 
that aids DNA looping. Add- 
ing this hybrid protein to cells 
causes the loop between the 
adult hemoglobin gene and the 
LCR enhancer to shift, activat- 
ing less of the adult hemoglobin 
gene and more of the fetal one. 

The treatment is less toxic 
to cells than pharmacological 
treatments that activate fetal 
hemoglobin, Blobel told the 
meeting. Now, his group has 
begun testing this approach in 
mice engineered to carry the human globin 
genes. “Changing [chromosome] organiza- 
tion to achieve the end result of gene [ac- 
tivity] reduction is a far reaching insight,” 
says Bing Ren, a molecular geneticist at the 
San Diego, California, branch of the Lud- 
wig Institute for Cancer Research. It could 
“represent a completely new set of thera- 
peutic interventions.” 

Blobel’s experiments also go a long way 
toward erasing lingering doubts about the 
importance of enhancer loops, several scien- 
tists noted. “We spent many years trying to 
prove that looping was a real phenomenon,” 
says Kenneth Zaret, a molecular biologist 
at the University of Pennsylvania. Blobel’s 
work “seals the deal.” m 
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Breaking the light barrier 


Trick for pushing more bits through optical fibers 
could ease looming “capacity crunch” 


By Robert F. Service 


ll those tweets, phone calls, YouTube 
cat videos, and Netflix downloads are 
causing serious congestion on our 
data highways. Traffic on the hair- 
like glass optical fibers that carry 
data around the globe has risen by 
about 60% per year since 2000. At that 
pace, today’s fiber-optic networks could 
reach full capacity in just a couple of years, 
turning the Internet into a virtual 
Los Angeles traffic jam. “The ca- 
pacity crunch is very real, and a 
big problem,” says Peter Winzer, 
who heads optical transmission 
research at Bell Laboratories, an 
R&D arm of Alcatel-Lucent in 


oT 
Murray Hill, New Jersey. 8 
But new work could push that a g 
crunch date back several years. On = £ 
page 1445 this week in Science, re- a 8 
searchers at the University of Cali- g e 
fornia, San Diego (UCSD), report - 
a new scheme for sending digital # _ 
data over fiber-optic lines that 8 8 
could boost capacity somewhere é g 
between two- and fourfold. Win- a 
zer, who was not involved in the &, 
a) 


work, calls it “a breakthrough as a 
science concept.” Vijay Vusirikala, 


SCIENCE sciencemag.org 


r 100 


an optical network architect at Google in 
Mountain View, California, agrees. “Any 
technology that allows us to increase 
the capacity of fibers is really critical,” 
Vusirikala says. 

Optical fibers were first deployed in 
the 1980s because they promised to vastly 
increase network capacity. Before that, 
data traveled as analog signals over cop- 
per electrical wires. Fiber optics, which 


carries data as modulated pulses of light, 


Ever-faster fibers 


Despite decades of soaring transmission rates, experts warn the 
“information highway” can’t keep up with insatiable demand. 


Light zipping through optical fibers can carry huge 
amounts of data, but errors creep in with distance. 


has far higher carrying capacity, or band- 
width, than copper wires. That’s because 
light pulses at different wavelengths, or 
colors, can travel independently down the 
same fiber with comparatively little cross- 
talk or interference. That allows engineers 
to send 100 or more separate data streams 
down a single fiber at the same time. 

Those data streams are created by chip- 
based lasers that convert the electrical im- 
pulses from electronic devices into light, 
turning each wavelength on and off to 
create a rapid flicker of 1s and Os. Today, 
engineers also modulate the shape of the 
pulses, their phase, their polarization, and 
their physical spacing in the fiber. At the far 
end of the optical highway, detectors turn 
the light pulses back into electrons. With 
the help of modern communications lasers 
and detectors, single fibers today carry 
100 to 200 optical signals simultaneously, 
with an overall capacity of about 20 tera- 
bits (trillions of bits) per second. 

The signals can travel great distances 
down a fiber without weakening. But over 
thousands of kilometers—say, from New 
York to Los Angeles—optical distortions 
creep in, causing errors to build up and 
degrade the data. They result from inter- 
ference between the multiple signals at 
different wavelengths. As one signal prop- 
agates down the fiber, its electromagnetic 
wave causes electrons in the glass to shuf- 
fle around, a shift that affects the propa- 
gation of other light waves. The result is 
that the two starting light waves combine 
to create a third at a separate wavelength. 
The effect is very weak, but it builds up 
over long distances—especially in fibers 
carrying many wavelengths of light. “You 
get a progressively bigger problem with 
more and more channels and lon- 
ger distances,” says Stojan Radic, 
an electrical engineer and optical 
physicist at UCSD and an author 
of the new study. 

To cope, every 1000 kilometers 
or so, long-haul networks must 
read the incoming signals and 
convert them to electrical signals 
so computer chips can weed out 
the distortions. The optical sig- 
nals are then regenerated and 
sent on their way. That process 
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slows data traffic, reducing ca- 
pacity, and the equipment needed 
for it now accounts for approxi- 
mately 80% of the cost of setting 


up new network infrastructure. 
As a result, Vusirikala says, “we 


i T T T T T T T 


1986 1990 1994 1998 2002 2006 2010 2014 2018 


Published by AAAS 


try to avoid it at all costs.” 
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Distortion would be easier to weed out if 
it were predictable, Radic says. If the lasers 
that encode the data produced photons at 
a single precise wavelength, for example, 
any distortion could simply be subtracted 
from the optical signal at the end of the 
long-haul fiber, with no need for regenera- 
tion en route. Unfortunately, real-world 
lasers vary in wavelength as they operate. 
The variation is tiny, just hundredths of a 
percent. But it creates a random backdrop 
that makes the distortion impossible to 
filter out. 

Radic and his colleagues initially tried 
to solve the problem by making the la- 
sers more stable, but the effort went no- 
where. So they tried a different strategy: 
ensuring that the laser variation was 
predictable rather than random. Modern 
communication equipment typically uses 
several lasers to produce all the different 
wavelengths that are sent down the fiber. 
Instead, Radic’s team used a device called 
a frequency comb to convert light from a 
single laser, at a single wavelength, into 
pulses at a range of different wavelengths. 
Each could then be modulated to carry a 
separate optical signal. 

The upshot is that when the primary 
laser signal drifts from its original wave- 
length, each of the daughter pulses then 
drifts by the exact same amount, all in 
lockstep. That makes it straightforward 
to spot distortions and subtract them out. 
The consequence, Radic says, is that the 
technology can either pack twice as much 
data into a fiber or send signals twice as 
far before they need to be regenerated. 
Radic adds that his group already has a 
clear path to doubling this again. 

“It’s a very important step,” Winzer says 
of the new work. However, he adds, “how 
practical it is remains to be seen.” One is- 
sue, he notes, is that implementing this 
technology will require new chips for both 
data encoding and signal processing un- 
like any now available. 

Even if the strategy does multiply the 
data capacity of existing fibers, eventually 
there will be no alternative to laying more 
highway, Winzer and others say. Those new 
cables could contain cutting-edge tech- 
nology, such as “multimode” fibers with 
far higher bandwidth than the versions 
in the ground now. But laying new fiber 
is very expensive, and therefore the last 
resort. “Right now, the easiest thing is to 
mine more out of the existing fiber assets,” 
Vusirikala says. If this new technology 
makes that possible, it will mean shorter 
waiting times for those cat videos to ap- 
pear on your screen. Then again, there are 
times when a data traffic jam might not be 
such a bad thing. @ 
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Tapping a nuclear test 
ban treasure-trove 


Treaty chief offers academics surveillance data 


By Daniel Clery 


he Comprehensive Nuclear-Test-Ban 

Treaty (CTBT) has spawned a globe- 

girdling network of 300 detector sta- 

tions that sniff out radionuclides, 

listen for low-frequency sounds, and 

record tremors—all to discern whether 
countries are carrying out clandestine nu- 
clear weapons tests. And the treaty has not 
yet even come into force; the United States 
remains a _ prominent 
holdout. But the CTBT’s 
$1 billion International 
Monitoring System is 
90% complete and has 
scored notable successes. 
Among them: sizing up 
North Korea’s nuclear 
tests, plotting the spread 
of radionuclides from the 
Fukushima nuclear ac- 
cident, and tracking the 
spectacular Chelyabinsk 
meteorite as it broke up 
over Siberia in 2013. 

This global stethoscope 
is amassing a treasure 
trove of data. Initially, the CTBT Organi- 
zation (CTBTO), based in Vienna, didn’t 
share, but after the 2004 Indian Ocean 
tsunami—when the monitoring system 
could have given an early warning—things 
have loosened up. Now, timely data are sent 
to tsunami warning centers in 13 countries, 
as well as to civil aviation authorities and 
nuclear regulators. 

This glasnost is due in large part to 
Lassina Zerbo, director of CTBTO’s Inter- 
national Data Centre from 2004 to 2013 
and, since then, the organization’s execu- 
tive secretary. Zerbo spoke with Science on 
the eve of the 5th CTBT Science and Tech- 
nology Conference. His comments have 
been edited for clarity and brevity. 


Q: After the 2004 tsunami, how was wider 
use of CTBT data encouraged? 

A: We got into a series of science and tech- 
nology conferences whereby we try to think 
out of the box, moving away from our ev- 
eryday work on nuclear test monitoring to 
see what the outside scientific community 
could do with the technology that we use. 
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CTBTO chief Lassina Zerbo is making test 
ban data more useful to more people. 


Q: Where did that out-of-the-box thinking 
lead you? 

A: We can detect plane crashes, like the one 
between Burkina Faso and Mali last July. 
That was detected by one of our stations 

in [Ivory Coast]. People want to go beyond 
that. In Burkina Faso last year, there was a 
local chief [who described] an explosion 
150 meters from his house. Because he was 
from the opposition party, he was of the 
view that [the ruling party] sent a missile 
and it hit the house next 
to him. We found out 
[from ultrasound record- 
ings] that it was from 
mine explosives that 
someone was keeping in 
his own house. There are 
many other examples. 


Q: Are academic scien- 
tists using your data? 

A: Absolutely. We now 
have 52 contracts 

[with institutions] and 
there are many more 
contracts that are yet 
to be signed. Now, we 
have individuals who are doing their own 
research who want to access our data. 


Q: Are any data sets out of bounds? 

A: No, I wouldn’t say so. The out-of- 
bounds will be basically on the timeliness 
of the data. If an explosion happened now, 
we first have to say whether it’s a manmade 
event or whether it’s an earthquake. So if 
somebody had real-time access to our data, 
they could say to the media: “I have found 
that Burkina Faso has carried out a nuclear 
test explosion.” We have to be very careful 
about real-time data. People don’t realize 
what our radionuclide stations can detect: 
If you take, let’s say, 0.1 grams of an isotope, 
evenly distributed around the globe, we are 
able to detect that. You see how crazy that 
is? It’s beyond what you can imagine. 

This is why I’m promoting opening up 
our data. People work with our data and 
improve the science and technology be- 
hind it—it helps us improve the processing 
as well as the sensitivity of our equipment. 
It’s basically the cheapest consultants that 
you can get. You’re not paying for it. m 
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THE CANCER TEST 


A nonprofit’s effort to replicate 50 top 
cancer papers is shaking up labs 


By Jocelyn Kaiser 


he email that arrived in Richard 
Young’s inbox in October 2013 was 
polite but firm. The writer was part 
of a group of researchers who “are 
conducting a study to investigate 
the reproducibility of recent re- 
search findings in cancer biology.” 
A paper that Young, a biologist 
at the Massachusetts Institute of 
Technology in Cambridge, had published in 
Cell in 2012 on how a protein called c-Myc 
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spurs tumor growth was among 50 high- 
impact papers chosen for scrutiny by the 
Reproducibility Project: Cancer Biology. The 
group might need help with materials and 
advice on experimental design, the mes- 
sage said. It also promised that the project 
would “share our procedure” to ensure “a fair 
replication.” 

Young wrote back that a European lab had 
already published a replication of his study. 
No matter, the project’s representative re- 
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plied, they still wanted to repeat it. But they 
needed more information about the proto- 
col. After weeks of emails back and forth 
and scrambling by graduate students and 
postdocs to spell out procedures in intricate 
detail, the group clarified that they did not 
want to replicate the 30 or so experiments 
in the Cell paper, but just four described in 
a single key figure. And those experiments 
would be performed not by another aca- 
demic lab working in the same area, but by 
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Under the microscope 


The Reproducibility Project: Cancer Biology compiled a list of 50 high-impact papers from 2010 to 2012 for replication. The top three stud- 
ies for each year, listed here by impact rank and last corresponding author, cover topics from the biology of metastasis to drug resistance. 


2010 


1. Nature, Noncoding role 
of mRNA in cancer 
Pier Pandolfi, Harvard University and 
Beth Israel Deaconess Medical Center 


2. Cell, Chromatin-mediated 
drug resistance 
Jeff Settleman, Massachusetts 
General Hospital 


3. Nature, Noncoding RNA 
and metastasis 
Howard Chang, Stanford University 


an unnamed contract research organization. 

This past January, the cancer reproduc- 
ibility project published its protocol for rep- 
licating the experiments, and the waiting 
began for Young to see whether his work 
will hold up in their hands. He says that if 
the project does match his results, it will be 
unsurprising —the paper’s findings have al- 
ready been reproduced. If it doesn’t, a lack 
of expertise in the replicating lab may be 
responsible. Either way, the project seems 
a waste of time, Young says. “I am a huge 
fan of reproducibility. But this mechanism 
is not the way to test it.” 

That is a typical reaction 


2011 


1. Nature, Brd4 as therapeutic 
target in leukemia 
Christopher Vakoc, Cold Spring 
Harbor Laboratory 


2. Cell, New strategy to target c-Myc 
Constantine Mitsiades, 
Dana-Farber Cancer Institute 


3. Cell, Stromal caveolin-1 
and metastasis 
Miguel Del Pozo, CNIC, Madrid 


reputations will be damaged and public sup- 
port for biomedical research undermined. 
“T really hope that these people are aware 
of how much responsibility they have,” says 
cancer biologist Lars Zender of the Univer- 
sity of Tiibingen in Germany. 

Timothy Errington, the reproducibility 
effort’s manager at the nonprofit Center for 
Open Science in Charlottesville, Virginia, 
knows the scrutiny has unsettled the com- 
munity. But, he says, the project is working 
hard to make sure that the labs have all the 
details they need to match the original stud- 
ies. The effort will ultimately benefit the 


2012 


1. Nature, Genomic markers of 
cancer drug sensitivity 
Cyril Benes, Massachusetts 
General Hospital 


2. PNAS, CD47-SIRPa interaction 
as drug target 
Irving Weissman, Stanford 


3. Nature, Resistance to 
RAF inhibitors 
Todd Golub, Broad Institute 


research effort to find drugs targeting a can- 
cer protein called STK33 after it could not 
confirm key results in a Cell paper. 

To the frustration of many, the commen- 
tary’s co-authors Glenn Begley, who had 
left Amgen to become a consultant, and Lee 
Ellis of the University of Texas MD An- 
derson Cancer Center in Houston said 
confidentiality agreements with some 
labs barred them from sharing data from 
their replication efforts or even the titles 
of the papers. However, Begley, now at 
TetraLogic Pharmaceuticals in Malvern, 
Pennsylvania, wrote a follow-up commen- 

tary in Nature describing the 
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every scientist targeted by the 
project who spoke with Science 
agrees that studies in cancer 
biology, as in many other fields, too often 
turn out to be irreproducible, for reasons 
such as problematic reagents and the fickle- 
ness of biological systems. But few feel com- 
fortable with this particular effort, which 
plans to announce its findings in coming 
months. Their reactions range from annoy- 
ance to anxiety to outrage. “It’s an admira- 
ble, ambitious effort. I like the concept,” says 
cancer geneticist Todd Golub of the Broad 
Institute in Cambridge, who has a paper on 
the group’s list. But he is “concerned about 
a single group using scientists without deep 
expertise to reproduce decades of compli- 
cated, nuanced experiments.” 

Golub and others worry that if the cancer 
reproducibility project announces that many 
of the 50 studies failed its test, individual 
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Timothy Errington, Reproduci- 
bility Project: Cancer Biology 


Jeff Settleman, 
Calico Life Sciences 


field, he says, by gauging the extent of the 
reproducibility problem in cancer biology. 
“Some see this as a threat, a way to disprove 
something. That’s not what this is about.” 


CONCERNS THAT MUCH PRECLINICAL 
research can’t be reproduced are not new, 
but the spotlight turned to cancer biology 
3 years ago, when a commentary in Nature 
reported that scientists from the biotech 
company Amgen could reproduce only six 
of 53 high-profile cancer papers. (Another 
firm, Bayer, had reported a 79% failure rate 
for a set of mostly cancer studies in 2011.) 
The Amgen piece argued that irreproduc- 
ible data contributed to high drug develop- 
ment costs and failed clinical trials. Indeed, 
a year earlier Amgen had dropped an entire 
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licate life sciences experiments 

for a fee through a network of 

1000 contract labs she had es- 
tablished, called Science Exchange (Science, 
31 August 2012, p. 1031). Iorns was inspired 
by the fact that drug companies often 
used her network for replications, seeing 
a chance to avoid wasting money pursuing 
shaky science. But Iorns had to seek fund- 
ing to examine academic research, starting 
with cancer biology. That led her to the 
Laura and John Arnold Foundation, which 
introduced her to the Center for Open Sci- 
ence, founded by University of Virginia 
(UVA) psychologist Brian Nosek to promote 
transparency in science. 

Their collaboration was a new direction 
for Nosek’s center, which had started out 
with a project to replicate psychology pa- 
pers by recruiting volunteers from academia 
(Science, 30 March 2012, p. 1558). But for the 
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cancer research replications, which involved 
messy “wet” biology, organizers decided to 
pay labs belonging to the Science Exchange— 
contract labs or fee-based support labs at 
universities known as core facilities. 

Some authors of the top 50 papers suggest 
that it’s a conflict of interest for Iorns’s own 
company to be getting the business. Iorns 
responds that her firm is not profiting, be- 
cause it is donating its roughly 5% fee to the 
project. She says that organizing replication 
efforts through Science Exchange is faster 
and cheaper than through academic collabo- 
rations, and the results are less likely to be 
biased, because the scientists doing the work 
needn’t worry about offending their peers 
with a negative result. 

Errington was hired to run the cancer 
replication project just after completing a 
Ph.D. in microbiology at UVA. Iorns and a 
colleague had compiled a list of the 50 most 
widely cited cancer bio-logy studies from 
2010 to 2012 (see table, p. 1412). The topics 
reflect the field’s hottest areas, from new pro- 
tein drug targets in tumors to the role of gut 
microbes in cancer. With $1.3 million from 
the Arnold foundation—which works out to 
$26,000 per paper, sufficient to replicate key 
experiments from each paper, Iorns says— 
and donations of reagents from companies, 
they sent off their first emails to correspond- 
ing authors and posted their progress online. 

Early on, Begley, who had raised some of 
the initial objections about irreproducible 
papers, became disenchanted. He says some 
of the papers chosen have such serious flaws, 
such as a lack of appropriate controls, that 
attempting to replicate them is “a complete 
waste of time.” He stepped down from the 
project’s advisory board last year. 

Amassing all the information needed to 
replicate an experiment and even figure out 
how many animals to use proved “more com- 
plex and time-consuming than we ever imag- 
ined,’ Iorns says. Principal investigators had 
to dig up notebooks and raw data files and 
track down long-gone postdocs and gradu- 
ate students, and the project became mired 
in working out material transfer agreements 
with universities to share plasmids, cell lines, 
and mice. 

To add rigor to the replications, the group 
decided to publish a peer-reviewed protocol 
for each experiment before the work began, 
through a partnership with the open-access 
journal eLife. This has enabled the original 
authors and outside scientists to provide crit- 
ical input, Errington says. Charles Sawyers, a 
researcher at the Memorial Sloan Kettering 
Cancer Center in New York City and an eLife 
senior editor, says the journal’s editors felt 
that participating would “ensure that the re- 
producibility experiments are well designed 
and that the results are as interpretable as 
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possible.” So far, the project has published 
11 protocols. It hopes to release the first 
experimental results in eZife this fall and all 
50 by the end of 2017. 


ALTHOUGH ERRINGTON SAYS many labs 
have been “excited” and happy to partici- 
pate, that is not what Science learned in 
interviews with about one-fourth of the 
principal investigators on the 50 papers. 
Many say the project has been a significant 
intrusion on their lab’s time—typically 20, 
30, or more emails over many months and 
the equivalent of up to 2 weeks of full-time 
work by a graduate student to fill in pro- 
tocol details and get information from col- 
laborators. Errington concedes that a few 
groups have balked and stopped commu- 
nicating, at least temporarily. 
For many scientists, the big- 
gest concern is the nature of 
the labs that will conduct the 
replications. It’s unrealistic to 
think contract labs or university 
core facilities can get the same 
results as a highly specialized 
team of academic researchers, 
they say. Often a graduate stu- 
dent has spent years perfect- 
ing a technique using novel 
protocols, Young says. “We 
brought together some of the 
most talented young scientists 
in the area of gene control and 
oncology to do these genomics 
studies. If I thought it was as 
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Amgen could 
reproduce 


a 


Biomedical papers 
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of his mouse experiments will run that ex- 
periment just one time; he repeated it two 
or three times. 

The scientists behind the cancer reproduc- 
ibility project dismiss these criticisms. Iorns 
says the contract labs and core facilities “are 
highly trained” and often “have much more 
expertise” than the original investigators in 
the technique at hand. If a recipe has enough 
detail, two different cooks should be able to 
produce the exact same meal, she says. 

She adds that the project will generate a 
vast data set that will allow those interested 
in reproducibility to examine “all kinds of 
variables” that determine whether an experi- 
ment can be repeated. And she argues that 
the time and effort it requires of the targeted 
researchers shows that their papers are short 
on key information. Research- 
ers should be reporting every 
detail of an experiment when 
they publish, down to catalog 
and lot numbers for reagents 
and underlying data sets—if 
not in the paper, through links 
to other sites, she says: “The 
biggest lesson so far is that we 
should change the way that we 
publish our results.” 

But many cancer biolo- 
gists say the solution is not 
another Amgen-like paper la- 
beling many cancer studies as 
irreproducible—this time with 
the titles of the papers and 
their lead investigators. In- 


simple as sending a protocol to reproduced stead, journals and reviewers 
a contract laboratory, I would should require more _ rigor- 
certainly be conducting my re- ously designed experiments 
search that way,” he says. 0 and demand that key conclu- 

Jeff Settleman, who left 0 sions be adequately supported, 
academia for industry 5 years Settleman says. Many jour- 
ago and is now at Calico Life MD Anderson nals are already beefing up 


Sciences in South San Fran- 
cisco, California, agrees. “You 
can’t give me and Julia Child 
the same recipe and expect an 
equally good meal,” he says. Settleman has 
two papers being replicated. 

Academic labs approach replication dif- 
ferently. Levi Garraway of the Harvard Uni- 
versity-affiliated Dana-Farber Cancer Insti- 
tute in Boston, who also has two papers on 
the project’s list, says that if a study doesn’t 
initially hold up in another lab, they might 
send someone to the original lab to work 
side by side with the authors. But the can- 
cer reproducibility project has no plans to 
visit the original lab, and any troubleshoot- 
ing will be limited to making sure the same 
protocol is followed, Errington says. Erkki 
Ruoslahti of the Sanford-Burnham Medical 
Research Institute in San Diego, California, 
has a related worry: The lab replicating one 
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researchers who 
could not reproduce 
a published study 


review criteria, and the Na- 
tional Institutes of Health is 
taking steps to bolster repro- 
ducibility, for example, by ask- 
ing study sections to scrutinize a proposal’s 
experimental design. (On page 1422, Nosek 
and others, including Science’s editor-in- 
chief, suggest journal standards to increase 
reproducibility.) 

Torns agrees that such reforms are needed, 
but so is scrutiny of these high-profile papers, 
which are shaping the search for new cancer 
treatments. Instead of worrying about dam- 
aged reputations and threats to federal fund- 
ing, the research community “should be wor- 
ried about the consequences right now,” she 
says—that pharmaceutical companies can’t 
reproduce key cancer papers. ”All we're say- 
ing is, there may be issues with being able to 
repeat this experiment in another lab. Hiding 
that is really the biggest mistake.” ™ 
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Alan Stern reviews spacecraft 
instructions outside New 
Horizons’ mission control room. 
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MISSION 


CONTROLLER 


How Alan Stern’s tenacity, drive, and command 
sot a NASA spacecraft to Pluto 


he video cameras are poised. 

Alan Stern is loath to miss a cue. 

Dressed in all black, he strides 

across the parking lot. Short in 

stature, Stern has legs that move 

faster than most people’s, and 

a mind that is generally several 

steps ahead, too. The camera crew, 

from the Japanese network NHK, 

is one of four following Stern, a planetary 

scientist from the Southwest Research In- 

stitute (SWRI) in Boulder, Colorado. They 

draw a bead on him for an early morning 

establishing shot. Stern executes a quick 

flyby. “Hi, Mom,” he says, giving a thumbs- 

up as he enters the space science building at 

Johns Hopkins University’s Applied Physics 
Laboratory (APL) in Laurel, Maryland. 

Above him in the atrium dangles a half- 
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size replica of New Horizons, a NASA 
spacecraft. Its life-size twin is now cruising 
through space nearly 5 billion kilometers 
from Earth, adding more than a million kilo- 
meters to its journey each day. The spacecraft 
is surprisingly small, not much bigger than 
Stern. But, like him, it is packed with pur- 
pose. It is swaddled in layers of foil to protect 
its instruments and computers from the sear- 
ing cold. Solar panels would be pointless so 
far from the sun, and so an engine of radio- 
active plutonium pulses inside. The backside 
is dominated by a large radio dish, necessary 
to talk with Earth across an expanse that 
takes 4.5 hours for light to traverse. 

New Horizons is closing in on Pluto, 
once thought to be the last of the planets 
and a lonely outpost on the solar system’s 
edge. Discovered in 1930, Pluto has re- 


mained something of a cipher, despite the 
best efforts of telescopes in space and on the 
ground. Its changing atmosphere and varie- 
gated surface remain mysterious, and even 
its size is not precisely known. In 2006, Pluto 
was demoted to a dwarf planet, a move that 
still annoys Stern. Yet in a karmic reversal, 
Pluto’s scientific and public popularity—its 
brand, Stern might say—has soared. Pluto 
is now not the final stop in the solar sys- 
tem, but a gatekeeper to a new frontier: the 
Kuiper belt, a region of thousands of small 
icy bodies beyond Neptune’s orbit that was 
theorized by astronomer Gerard Kuiper in 
1951 but confirmed only in 1992. No longer 
the smallest of the planets, Pluto is the king 
of the Kuiper belt. 

On 14 July, New Horizons will zoom past 
it—50 years to the day after Mariner 4 flew 
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past Mars and returned the first pictures 
from another planet. Stern has been work- 
ing toward this moment for half of that 
half-century: 10 years to muster political 
and scientific will for a mission, 5 years to 
build the spacecraft, and nearly 10 years to 
make the trip. He is the principal investiga- 
tor for the $700 million mission—the largest 
and most expensive one ever controlled by a 
non-NASA employee. Now he is 99% of the 
way there. 

Stern has traveled from Boulder to APL 
on this day in May to kick off the final sci- 
ence team meeting before the encounter. 
In a conference room, 50 people hunch 
over their laptops. On a screen overhead, 
a video rouses the team: an electronic an- 
them mashed-up with snippets of control 
room dialogue from the Apollo 11 moon mis- 
sion. “Guidance? Go! Control? Go!” shout 
the ghosts of mission controllers past. Hal 
Weaver, the project scientist for the mission 
and a laid-back foil to Stern and 
his intensity, says, “Alan is going 
to have this choreographed.” In the 
30 days prior to reaching Pluto, 
Stern wants different pep songs 
played each morning. 

Stern takes the podium. Al- 
though everything is going great, 
he says, there are things that could 
still go wrong. “If it’s bugging you, 
let’s make sure we bring it up,’ he 
says. His words are cautious, but 
his tone—commanding, emphatic, 
confident—is devoid of doubt. “We 
have the eyes of the world on this 
mission. It is unlike any other mis- 
sion in recent history in terms of 
the expected level of attention. And 
in addition, we only get one shot at it. It’s 
not an orbiter. It’s not a lander.” It’s a flyby, 
at Mach 42, and Stern must wring as much 
out of the short-lived encounter as possible. 

Landings on planets (and comets) adver- 
tise their complexity with parachutes and 
airbags, harpoons and retrorockets. Even 
orbiters, with the tricky, fiery burn of orbital 
insertion, contain an element of drama. In 
comparison, a flyby seems a walk in the 
park—just gravity in motion, and a few 
clicks of a camera shutter. So you'll forgive 
Stern for emphasizing how complicated 
the flyby actually is. In the 9 days of “core 
encounter’—7 days before closest approach 
on 14 July to 2 days after—New Horizons will 
run through 20,799 commands. It must scan 
the path ahead for hazardous debris, make 
minor trajectory corrections, and point in- 
struments for 461 scientific observations as 
it passes within 12,500 kilometers of Pluto’s 
surface. In the hours just after closest ap- 
proach, the spacecraft must pass through 
two tiny keyholes in space—the shadows of 
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Pluto and its largest moon, Charon—so that 
it can use the eclipsed sun as a backlight to 
examine the thin ring of atmosphere around 
each body. As it leaves the system of five 
moons (at last count), New Horizons will 
continue to stare, and image Pluto’s dark 
side by Charon’s moonlight. “Despite the fact 
that we’ve done a lot of practicing, we can’t 
simulate everything,” Stern says. “My biggest 
concern is what we haven’t thought of.” 
There are 249 contingency plans in place, 
attempts to identify—and then mitigate—all 
known risks. They include not just risks to 
the spacecraft, like clouds of debris lurk- 
ing among Pluto’s moons, but also those 
on the ground. Should something happen 
to the main mission control room, for ex- 
ample, New Horizons can be operated from 
a backup building at APL. There is even a 
backup to the backup: The team has prepped 
a minimalist control room—basically 
a New Horizons-compatible computer— 
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at the Jet Propulsion Laboratory (JPL) in 
Pasadena, California. 

And, oh, the practicing. Stern boasts of 
having performed 35 operational readiness 
tests—dress rehearsals for various aspects 
of the mission. In the biggest of these tests, 
2 years ago, the spacecraft was put through 
the motions of its 9-day encounter, some- 
where in the void between Uranus and Nep- 
tune, its instruments successfully returning 
precisely framed pictures of empty space. It’s 
not just about smooth operations; the team 
has also practiced making a splash. There 
have been three so-called New York Times 
readiness tests, in which the science team in- 
terpreted fake data on the fly, under time con- 
straints, and produced press releases meant 
to be headline-worthy. To help, Stern hired 
six journalists, had them sign nondisclosure 
agreements, and embedded them within the 
science team. “I’d never heard of it,’ Weaver 
says. “Several of us pushed back and said, 
‘You know, we're literate people. We can write 


our captions.” Stern was unpersuaded. 
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One does not get to the edge of the 
solar system by leaving things to chance. 
“This mission would not be flying unless 
he had shoved it down the throat of NASA,” 
says Stern’s longtime SWRI colleague, Hal 
Levison. “His force of will and his tenacity 
played a role in what’s happening right now.” 


SOL ALAN STERN WAS BORN on 22 No- 
vember 1957, in New Orleans, Louisiana, the 
first of three children for Leonard and Joel 
Stern. He was a fussy baby, difficult to put 
down to bed. Taking him outside to see the 
moon seemed to induce sleep. “After many, 
many repeated applications of that, the first 
word out of his mouth was ‘moon,” says 
Leonard Stern, his father. “Not ‘mama’ or 
‘dada, but ‘moon-” 

His fascination with celestial objects was 
galvanized by the space race of the 1960s. 
He sneaked out of bed to watch late-night 
TV broadcasts of the Gemini and Mercury 
flights. He exhausted the local li- 
brary’s selection of space books. 
He devoured the science fiction of 
Isaac Asimov and Arthur C. Clarke. 
But he wanted more. “During 
one of the Apollo missions, I saw 
Walter Cronkite showing off the 
flight plan,” he says. “It just mes- 
merized me. All this detail! That’s 
what I wanted.” He requested 
the materials from NASA, but 
was told he had to be a journal- 
ist or an author. So in the early 
1970s, he wrote a book—about a 
hypothetical mission to a comet. 
His grandfather’s secretary typed 
up the 100-plus pages, and Stern 
sent it off to NASA. “Next thing 
you know, a box this big shows up at my 
house, filled with Apollo manuals.” By then, 
the family had moved to Dallas, Texas, and 
Stern was enrolled at St. Mark’s, a prep 
school with a planetarium, an observa- 
tory, and an astronomy club. “That is all 
my brother ate, drank, slept, and breathed,” 
recalls his brother, Leonard “Happy” Stern. 
“Everything in his being was about how to 
be in space.” 

He was gaining other skill sets, too. In 
1976, while NASA was landing the Viking 
probes on Mars, Stern finished his freshman 
year at the University of Texas (UT), Austin, 
and took a summer job selling Collier’s Ency- 
clopedias. After a tutorial from his father, a 
salesman for a chemical company, he spent 
a couple of months crisscrossing the state, 
knocking on doors. He netted several thou- 
sand dollars, enough to trade in his beat-up 
Buick Skyhawk for an Oldsmobile Cutlass. 

Stern has told his father that 80% of what 
he does now is a sales game. “He learned 
that selling those encyclopedias, and he’s 
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never forgotten it,’ Leonard says. Stern de- 
murs. “I object to putting [the Pluto mis- 
sion] on par with selling encyclopedias,” 
he says. “If you equate the two, it does a dis- 
service to all the other people involved.” 

Articulate in front of a microphone and at 
ease in front of a camera, Stern is an eager 
media subject, sometimes to the irritation of 
his colleagues. “He likes to generate press for 
himself, and he is sort of making [the mis- 
sion] about him,’ says Levison, one of the 
few people confident enough in his friend- 
ship with Stern to say so. Stern is aware of 
the criticism, and he declared his qualms 
about this profile at the outset. “There has to 
be a recognition that it’s not the Alan Stern 
mission,” he said. 

Besides honing his talent for persuasion, 
the young Stern was becoming a careful 
planner. After graduating from UT in 1978 as 
a physics major, Stern re-enrolled as a mas- 
ter’s student, and roomed with his brother. 
Happy Stern recalls discovering Alan’s day 
planner. It included not only a 5 a.m. wake 
up, but also entries, 5 minutes apart, for 
showering, brushing his teeth, and comb- 
ing his hair. “You don’t think this is a little 
strange here, pal?” Happy asked him. To this 
day, Stern carries a sheet of SWRI stationery 
with him 7 days a week, a black-inked to-do 
list on which every entry is to be scratched 
out in red ink by bedtime. 


STERN GOT HIS FIRST TASTE of Pluto while 
a graduate student. Charon had just been 
discovered in 1978, and astronomers had 
seen hints that Pluto has an atmosphere— 
one that would experience strong seasons 
because of Pluto’s highly elliptical orbit and 
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large tilt to the sun. For his master’s thesis, 
Stern modeled the range of atmospheric pos- 
sibilities. The scope for creative work was 
enticing, he says. “It was like a green field. 
You could go anywhere with this.” 

Stern pursued a double master’s, in aero- 
space engineering and planetary science, in 
hope of becoming an astronaut candidate. 
He also became a certified pilot and flight 
instructor. He met his wife, Carole, while 
teaching a ground-school flying class, and 
later proposed to her under the Saturn V 
rocket on display at NASA’s Johnson Space 
Center in Houston, Texas. “You don’t forget 
that, I'll tell ya,” she says. 

Stern never made the cut as 
an astronaut, in part because of 
a detached retina. So he did the 
next best thing: He built instru- 
ments for astronauts. By 1983, 
he was working as an engineer 
at the University of Colorado’s 
Laboratory for Atmospheric 
and Space Physics. He became 
the project scientist for Spar- 
tan Halley, a small satellite 
designed to study Halley’s Comet, and the 
principal investigator for the Comet Halley 
Active Monitoring Program, an experiment 
in which a crew member aboard the space 
shuttle would take pictures of the comet 
with a specially adapted 35-millimeter 
camera. Both instruments were loaded on 
the space shuttle Challenger for launch on 
28 January 1986. 

“Dick Scobee, Ron McNair, Judy Resnik, 
[Ellison] Onizuka, Mike Smith.” Stern recites 
the names of five of the seven crew members 
who died that day when Challenger disin- 


kilometers. 
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Pluto on 18 June at a 
distance of 31.5 million 


tegrated just after launch, people he had 
trained and knew well. Stern was in Florida 
for the launch. Then he saw the disaster re- 
played again and again on the news. “Even if 
you tried, you couldn’t get away from this,” he 
says. It was not just a human loss for Stern, 
but also a professional disaster, his brother 
says. “Now he doesn’t have a plan, and my 
brother had a plan for brushing his teeth. I 
think he was a little lost then.” 

Stern did not stay down for long. He 
published his first book, one that seemed 
to be something of a therapy session. It was 
called The U.S. Space Program After Chal- 
lenger: Where Are We Going? 
Then he went back to school. 
He finished his Ph.D. in 1989, in 
just 3 years, writing a disserta- 
tion on the evolution of comets 
and their detectability around 
other stars. The scientifically 
minded engineer had become a 
scientist for life. 

Not only that, but also a sci- 
entific empire builder. Know- 
ing he was not cut out for an 
academic job—you can imagine his patience 
tested by faculty senate meetings—Stern 
found a home at SWRI headquarters in 
sleepy San Antonio, Texas. SWRI, a soft- 
money research institute, did most of its 
business with the Department of Defense. 
Stern made a pitch to his bosses to stake out 
a new SWRI outpost in Boulder, devoted to 
space science. Stern arrived in 1994—just 
him, a postdoctoral researcher, and a secre- 
tary. His first recruit was Levison, an expert 
on modeling planetary orbits and collisions. 
“A lot of people [at SWRI] were nervous 
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On 14 July, after more than 9 years in transit from Earth, NASA's New Horizons spacecraft will pass within 12,500 kilometers of Pluto's 
surface—closer than the distance between New York and Hong Kong. (Times cited are U.S. Eastern Time.) 


about taking that sort of risk,” Levison says. 
“Alan in his mastery of politics made it all 
work.” The SWRI Boulder operation today 
employs 55 scientists and takes in $40 mil- 
lion a year in revenue. 


AS STERN’S STAR ROSE, so did Pluto’s. 
For the first 4 decades after its discovery, 
little could be said about Pluto except that 
it was small, reddish, and frigid. Even its 
orbit—observed so far only a third of the 
way through its 248-year circuit of the 
sun—was poorly understood. After Charon’s 
discovery, astronomers could watch its 
dance with Pluto to calculate both bodies’ 
masses. Then, in 1985, Charon and Pluto 
began eclipsing each other. Ground-based 
telescopes could barely resolve the two 
disks, but by measuring the peaks and dips 
of reflected light as the two orbs passed in 
and out of each other’s shadows, astrono- 
mers discovered that Pluto was about half 
as big as previously thought, and brighter 
than Charon. In 1988, Pluto eclipsed a 
distant star, and the light shining around 
Pluto’s edges afforded the first definitive 
evidence of an atmosphere. 

Then came a sign that Pluto was not 
alone: the 1992 discovery of the first Kui- 
per belt object (KBO). Pluto, it seemed, rep- 
resented a much larger class of icy bodies. 
And because KBOs are thought to be un- 
altered since the birth of the solar system 
4.5 billion years ago, Pluto held the poten- 
tial of unlocking insights into the earliest 
days of planet formation. 

By the mid-1990s, astronomers were 
clamoring for a visit, and soon. In 1989, 
Pluto reached perihelion—the closest point 
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to the sun in its elliptical orbit. Scientists 
wanted to get there before Pluto began its 
slow retreat from the sun and temperatures 
plummeted, collapsing its atmosphere into 
frozen nitrogen. What’s more, a spacecraft 
launched between 2001 and 2006 could take 
advantage of Jupiter’s gravity for a slingshot 
effect that would shave years off the trip. 
The Pluto Kuiper Express, a mission 
concept led by JPL, got the farthest. But in 
2000, NASA science chief Ed Weiler can- 
celed the mission when its projected costs 
surpassed $1 billion. Later that year, Wei- 
ler was persuaded to try something differ- 
ent: a Pluto competition. A competition for 
low-cost planetary missions led by 
principal investigators from out- 
side NASA, called Discovery, had 
already yielded innovative propos- 
als costing just hundreds of mil- 
lions of dollars, well short of the 
billion-dollar budget of a flagship 
NASA mission. With target costs in the half 
a billion dollar range, a Pluto competition 
would sit somewhere between a Discovery 
mission and a flagship. NASA announced 
the competition on 20 December 2000. 
Stamatios “Tom” Krimigis, then the space 
department head at APL, leaped at the 
chance. At that point, only JPL had been 
trusted to build and operate NASA’s big 
planetary missions. But in 1996, APL had 
launched NASA's first Discovery mission, an 
asteroid orbiter. With JPL’s budget-busting 
tendencies, Krimigis knew that APL would 
have a chance. And he knew exactly who 
should lead the proposal: Alan Stern. “He 
was the personification of the Pluto mis- 
sion,’ Krimigis says. “He was single-minded, 
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and I liked his style.” 

The duo inked an agreement 2 days af- 
ter the NASA announcement and began as- 
sembling their team. The final proposal was 
due on 18 September 2001—1 week after the 
terrorist attacks in New York City. With APL 
shut down, Stern created a “war room” in 
a nearby hotel to put the finishing touches 
on it. In the end, though, it wasn’t much of 
a competition, Weiler says. “Alan was the 
clear winner.” 

That was just the beginning of the fight. 
The Bush administration had installed a 
new NASA administrator, Sean O’Keefe, 
who was no fan of the mission, and was 
instead pushing the idea of nu- 
clear fission-powered spacecraft. 
When the federal budget request 
for 2003 came out, in February 
2002, the administration had ze- 
roed out the Pluto mission, effec- 
tively canceling it. 

Weiler challenged Stern to rally plan- 
etary scientists’ support for the mission 
in the decadal survey, a once-a-decade, 
prioritized wish list that’s meant to reflect 
science’s unified voice. For months, Stern 
lobbied tirelessly. When the report ap- 
peared in July 2002, the Pluto mission held 
the top spot in the medium-size mission 
category, ahead of missions to the moon 
and to Jupiter. “That’s what really broke 
the logjam,” Weiler says. “My administra- 
tion was not going to fight that.” 

Stern’s team raced to build New Horizons 
before the gravity assist window closed. 
The finished spacecraft carried seven in- 
struments, including a student-built inter- 
planetary dust counter and a sensor to mea- 
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sure the energy of particles escaping from 
Pluto’s atmosphere. Novelties were also 
stowed aboard: cremated ashes of Pluto’s dis- 
coverer, Clyde Tombaugh; an old U.S. stamp 
of Pluto with the caption “Not yet explored”; 
a piece of SpaceShipOne, private space com- 
pany Virgin Galactic’s first suborbital space 
vehicle; and two quarters: one from Mary- 
land, whose Senator Barbara Mikulski had 
given the mission crucial support at its low- 
est ebb, and one from Florida, where then- 
Governor Jeb Bush had signed off on the 
launch of the plutonium-laden spacecraft. 
On 13 January 2006, Stern, wearing a 
clean-room suit and a radiation counter, 
went to the top of an Atlas V rocket to take 
one last look. The probe had just been filled 
with plutonium. Stern posed for a picture, 
and New Horizons was shut within the 
payload bay. The Atlas had been souped 
up with extra boosters and a never-before- 
used third stage. Six days later, it launched 
like a bottle rocket, going supersonic within 
30 seconds. “This was not a stately shuttle 
launch,” Stern says. New Horizons left Earth 
faster than any spacecraft ever before. 


WITH 9 YEARS TO GO until Pluto arrival, 
Stern suddenly had a lot more time on his 
hands. But not for long. In 2007, NASA 
Administrator Mike Griffin asked Stern 
to come to Washington, D.C., to lead the 


Stern speaks to the New Horizons science team in May. 


agency’s $5 billion science division. Upon 
arrival, Stern asserted his vision of fiscal 
discipline. He came down hard on missions 
such as the exoplanet-hunting Kepler tele- 
scope, denying it extra funds. He tried to 
discipline NASA’s costly array of Mars mis- 
sions, too. 

Curiosity, the $2.5 billion, JPL-built Mars 
rover, was running hundreds of millions of 
dollars over budget in an effort to meet a 
2009 launch window. Stern wanted to limit 
the pain to JPL and, more generally, to the 
Mars program, to ensure that other science 
wouldn’t suffer. In March 2008, he had a 
subordinate dispatch a letter to JPL order- 
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ing it to hold $4 million of money planned 
for two operating rovers, Spirit and Oppor- 
tunity, as a reserve for Curiosity. Stern was 
soon accused of shutting down the beloved 
older rovers. Griffin, learning about the let- 
ter from the media, reversed the decision. 

Stern says the $4 million was just a foot- 
note; he and Griffin disagreed more generally 
over how to apportion the pain of Curiosity 
cost overruns. “I said, ‘You need to find some- 
one else who can deal with that, because I 
can’t stomach it,” Stern says. He offered his 
resignation, and Griffin accepted it. 

Weiler returned to Washington to resume 
his old job. Stern had overestimated the 
power of the position, Weiler says: “He had 
a hard time realizing you get to make very, 
very few decisions.” 

It was the second time in Stern’s life that 
he had suffered a big loss. Once again, he 
dusted himself off. He returned to SWRI 
as a half-time employee. His other time 
was spent consulting for commercial space 
companies such as Virgin Galactic and 
Blue Origin and also setting up a few of his 
own—some of which have raised eyebrows 
(see sidebar, right). 

But for now, Stern’s focus is squarely 
on Pluto. He will be living out of a hotel 
near APL for the coming weeks, enduring 
4:30 a.m. wake-ups and battling his inbox, 
which at its peak reaches 500 emails a day. 
At the science team meeting, Stern is about 
to leave the podium and retreat to a corner 
table. There, flanked by his assistant, he will 
whipsaw between email, Twitter, Facebook, 
and Space.com, one eye always on the pro- 
ceedings. But before he sits down, he leaves 
his troops with one last thought. “I said this 
when we won the project,” he says. “It’s true 
again. Our time is finally here.” 


STERN’S RESTLESSNESS has many people 
wondering what he will do after the Pluto 
mission. That won’t be for a while. In Au- 
gust, the team will choose the mission’s next 
target: a small KBO. There are two candi- 
dates, each about 50 kilometers across and 
reachable in 2019. New Horizons’ next mile- 
stone will occur in the late 2040s, when it 
crosses the edge of the solar system, where 
the thin wind of particles from the sun pe- 
ters out—though the spacecraft’s plutonium 
engine will have faded away a decade ear- 
lier. After exiting the solar system, New Ho- 
rizons will wander the galaxy interminably, 
a relic that will outlive Earth, when the sun 
goes red giant and swallows it up. 

Leonard Stern sees a similar inexhaust- 
ibility in his son. “I don’t see Alan cutting 
back. He’s just not built that way. I think 
he thinks there’s just so much more that 
he needs to know. Nobody’s driving him 
but himself.” m 
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lan Stern’s salesmanship helped 
get New Horizons to Pluto. He 
has a few other things for sale as 
well: a trip to the moon for $1.55 
billion, and naming rights to a 
crater on Mars for $5. Those are the 
signature products of Golden Spike 
and Uwingu, two of his companies. 
Golden Spike plans to send a two-seat 
lander to the moon, staging mate- 
rial in Earth orbit using commercial 
rockets. Governments with space 
ambitions—the target customers— 
have not lined up to buy tickets, but 
Stern insists that the company has 
made progress. “Absence of evidence 
is not evidence of absence,’ he says. 

Uwingu has had more immediate 
impact, albeit on a smaller scale. 
Uwingu raises money for space 
research through campaigns, such 
as selling naming rights to martian 
craters on an unofficial Uwingu 
map (the bigger the crater, the more 
expensive the name). Founded in 
2012 with a nearly $80,000 crowd- 
sourcing campaign, Uwingu is a 
for-profit company. Half of the 
revenues go into a fund for scien- 
tific grants—between $130,000 and 
$150,000 in 2014, Stern says. 

Stern and other workers each pay 
themselves about 1% of the other half 
of the take. “It’s a very small amount 
of money,’ he says. Asked if the nam- 
ing campaigns are a way to poke at 
the authority of the International 
Astronomical Union, which is offi- 
cially in charge of crater names and 
which rankled Stern by reclassifying 
Pluto as a dwarf planet in 2006, he 
says, “honestly, I get a chuckle when 
T hear that.” 

Ralph McNutt, a New Horizons 
scientist at the Johns Hopkins 
University Applied Physics 
Laboratory in Laurel, Maryland, says 
that as an entrepreneur, Stern takes 
the buckshot approach, throwing up 
ideas, unsure which ones will stick. 
“Tf anybody can pull a rabbit out of 
the hat in all of this, it’s Alan,” he 
says. “But sometimes, I’m not sure if 
there's a rabbit.” m 
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eek after week, news outlets carry 
word of new scientific discover- 
ies, but the media sometimes give 
suspect science equal play with 
substantive discoveries. Care- 
ful qualifications about what is 
known are lost in categorical headlines. 
Rare instances of misconduct or instances 
of irreproducibility are translated into 
concerns that science is broken. The Octo- 
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ber 2013 Economist headline proclaimed 
“Trouble at the lab: Scientists like to think 
of science as self-correcting. To an alarming 
degree, it is not” (7). Yet, that article is also 
rich with instances of science both policing 
itself, which is how the problems came to 
The Economist's attention in the first place, 
and addressing discovered lapses and ir- 
reproducibility concerns. In light of such 
issues and efforts, the U.S. National Acad- 
emy of Sciences (NAS) and the Annenberg 
Retreat at Sunnylands convened our group 
to examine ways to remove some of the cur- 
rent disincentives to high standards of in- 
tegrity in science. 

Like all human endeavors, science is 
imperfect. However, as Robert Merton 
noted more than half a century ago “the 
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activities of scientists are subject to rigor- 
ous policing, to a degree perhaps unparal- 
leled in any other field of activity” (2). As 
a result, as Popper argued, “science is one 
of the very few human activities—perhaps 
the only one—in which errors 
are systematically criticized and 
fairly often, in time, corrected” 
(3). Instances in which scientists detect and 
address flaws in work constitute evidence 
of success, not failure, because they dem- 
onstrate the underlying protective mecha- 
nisms of science at work. 

Still, as in any human venture, science 
writ large does not always live up to its ide- 
als. Although attempts to replicate the 1998 
Wakefield study alleging an association 
between autism and the MMR (measles, 
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mumps, and rubella) vaccine quickly dis- 
credited the work, it took far too long—12 
years—for The Lancet to retract that fa- 
tally flawed article. By contrast, problems 
flagged in the January 2014 Obokata plu- 
ripotent stem cell papers led to a prompt 
investigation by the research institute and 
Nature retracting the papers by July 2014. 

Leaders in the research community are 
responsible for ensuring that management 
systems keep pace with revolutions in re- 
search capacity and methods. Consistent 
with their self-correcting norm, scientists 
are actively addressing the disconcerting 
rise in irreproducible findings and retrac- 
tions. As the Economist article itself noted, 
PLOS One and Science Exchange had begun 
an initiative “through which life scientists 
can pay to have their work validated by an 
independent lab”; Nature had initiated an 
18-point checklist for authors “to ensure 
that all technical and statistical informa- 
tion that is crucial to an experiment’s re- 
producibility or that might introduce bias 
is published”; and Perspectives on Psycho- 
logical Science developed “a section devoted 
to replications” (7). Conferences such as 
the Association for Computing Machinery’s 
Special Interest Group on Management of 
Data have begun to require reproducibility 
in accepted papers. After Obokata, Nature 
announced measures to increase the like- 
lihood that misrepresented visuals will be 
detected in the review process (4). Other 
efforts include tighter financial disclosure 
rules, journal guidelines mandating in- 
creased transparency [see Nosek et al., page 
1422 in this issue (5)], and increased data 
disclosure (6). Innovations such as Cross 
Mark and Retraction Watch have made it 
easier for scholars to purge retracted work 
from the scholarly dialogue. 


INCENTIVES FOR QUALITY AND COR- 
RECTION. Nosek and his colleagues have 
argued that some key incentive structures 
embraced by academia are counterproduc- 
tive. Researchers are encouraged to publish 
novel, positive results and to warehouse any 
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negative findings (7). Cash bonuses paid in 
a number of countries have increased the 
number of submissions to prestigious jour- 
nals (8), and in some instances that work 
has been fraudulent. Growing numbers 
of biomedical students funded by the U.S. 
National Institutes of Health contribute 
to a pipeline of researchers in serial post- 
doctoral positions, as well as to declining 
morale and ever-lengthening time until 
researchers obtain their first independent 
research grant. 

We believe that incentives should be 
changed so that scholars are rewarded for 
publishing well rather than often. In tenure 
cases at universities, as in grant submis- 
sions, the candidate should be evaluated 
on the importance of a select set of work, 
instead of using the number of publications 
or impact rating of a journal as a surrogate 
for quality. This practice is used in nomina- 
tions for election to the NAS and selecting 
honorees in professional societies. 

The peer-review process should do a 
better job of mentoring young reviewers, 


“Ensuring that the integrity 
of science is protected is 

the responsibility of many 
stakeholders.” 


increasing the clarity and quality of edito- 
rial response, and uncovering instances in 
which a reviewer is biased for or against a 
particular work. Although this may add to 
the reviewers’ burden, one solution, used 
by eLife, is for reviewers to share their com- 
ments with each other and collaborate on 
a response before sending comments to 
the author with the editorial decision. Sci- 
ence’s cross-review, in which reviews are ex- 
changed between reviewers, allows editors 
to capture broader input on the reviews 
before returning them to the authors. Were 
some reform to be implemented to address 
bias in reviewing, along with an incentive 
structure that rewards publishing quality 
rather than quantity, we suspect that the in- 
tegrity of science could be better protected 
at no net increased cost in reviewers’ time. 
Reliance on the term “retraction” may cre- 
ate a disincentive to act in the best interests 
of science. The word “retraction,” with its 
negative connotation, covers withdrawal of 
scholarship both for inadvertent error and 
for misconduct. Yet, voluntary withdrawal of 
findings by a researcher eager to correct an 
unintended mistake is laudatory, in contrast 
to involuntary withdrawal by a duplicitous 
researcher who has published fraudulent 
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claims. Alternative nomenclature such as 
“voluntary withdrawal” and “withdrawal 
for cause” might remove stigma from the 
former while upping it for the latter. “Volun- 
tary withdrawal” would be for papers that 
are wrong in major respects, cannot be fixed 
with just a correction, but are not a result of 
fraud or misconduct. Authors would be en- 
couraged to take this route to avoid leaving 
confusing papers in the literature and to pre- 
serve their reputations. Ideally, some statute 
of limitations should be placed on voluntary 
withdrawals. “Withdrawal for cause” would 
be invoked any time fraud or misconduct 
taints the published literature. There should 
be no statute of limitations on withdrawal 
for cause. 

In a similar vein, “conflict of interest” 
implies that disclosed relationships are cor- 
ruptive. Adopting more neutral language 
such as “disclosure of relevant relation- 
ships” may encourage more complete com- 
pliance without implying that all disclosed 
associations are sinister. 


INVESTIGATION AND EDUCATION. Au- 
thoritative and timely investigations into 
allegations of misconduct are critical to 
ensuring that flawed findings, which be- 
cause of fraud or misconduct cannot be re- 
deemed, are formally decertified. Because 
journals lack the wherewithal to investigate 
allegations of misconduct in published re- 
search, they rely on scholars’ home insti- 
tutions to address such concerns. Funding 
agencies often play an oversight role. In 
cases in which the institution is unwilling, 
conflicted, or incapable of investigating, 
consequential flawed findings might linger 
in the literature. A more robust structural 
solution is needed. 

Even when institutions, funders, and 
journals work in good faith to address mis- 
conduct and ensure the accuracy of the 
research record, they can be overwhelmed 
by the growing number of allegations, the 
expense and complexity of investigations, 
the difficulties in addressing misconduct in 
international and cross-disciplinary collab- 
orations, and the emergence of technologies 
that make it easier both to commit miscon- 
duct and to detect it. The investigating unit 
should be respected, neutral, nimble, have 
wide access to necessary expertise, and be 
capable of responding regardless of the 
funding source. 

Ensuring that the integrity of science 
is protected is the responsibility of many 
stakeholders. In 1992, the NAS called for an 
independent Scientific Integrity Advisory 
Board to exercise leadership in addressing 
ethical issues in research conduct (9). Al- 
though not implemented, if such an entity 
were instituted, it could serve as a respected 
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and neutral resource that supports and 
complements efforts of the research enter- 
prise and its key stakeholders. 

Universities should insist that their fac- 
ulties and students are schooled in the eth- 
ics of research, their publications feature 
neither honorific nor ghost authors, their 
public information offices avoid hype in 
publicizing findings, and suspect research 
is promptly and thoroughly investigated. 
All researchers need to realize that the 
best scientific practice is produced when, 
like Darwin, they persistently search for 
flaws in their arguments. Because inherent 
variability in biological systems makes it 
possible for researchers to explore differ- 
ent sets of conditions until the expected 
(and rewarded) result is obtained, the need 


“Instances in which 
scientists detect and 
address flaws in work 
constitute evidence 

of success, not failure.” 


for vigilant self-critique may be especially 
great in research with direct application to 
human disease. We encourage each branch 
of science to invest in case studies identify- 
ing what went wrong in a selected subset 
of nonreproducible publications—enlisting 
social scientists and experts in the respec- 
tive fields to interview those who were 
involved (and perhaps examining lab note- 
books or redoing statistical analyses), with 
the hope of deriving general principles for 
improving science in each field. 

Industry should publish its failed efforts 
to reproduce scientific findings and join 
scientists in the academy in making the 
case for the importance of scientific work. 
Scientific associations should continue to 
communicate science as a way of know- 
ing, and educate their members in ways to 
more effectively communicate key scien- 
tific findings to broader publics. Journals 
should continue to ask for higher stan- 
dards of transparency and reproducibility. 

We recognize that incentives can backfire. 
Still, because those such as enhanced social 
image and forms of public recognition (JO, 
11) can increase productive social behavior 
(12), we believe that replacing the stigma of 
retraction with language that lauds report- 
ing of unintended errors in a publication will 
increase that behavior. Because sustaining a 
good reputation can incentivize cooperative 
behavior (13), we anticipate that our pro- 
posed changes in the review process will not 
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only increase the quality of the final product 
but also expose efforts to sabotage indepen- 
dent review. To ensure that such incentives 
not only advance our objectives but above 
all do no harm, we urge that each be scru- 
tinized and evaluated before being broadly 
implemented. 

Will past be prologue? If science is to 
enhance its capacities to improve our un- 
derstanding of ourselves and our world, 
protect the hard-earned trust and esteem 
in which society holds it, and preserve its 
role as a driver of our economy, scientists 
must safeguard its rigor and reliability in 
the face of challenges posed by a research 
ecosystem that is evolving in dramatic and 
sometimes unsettling ways. To do this, the 
scientific research community needs to be 
involved in an ongoing dialogue. We hope 
that this essay and the report The Integrity 
of Science (14), forthcoming in 2015, will 
serve as catalysts for such a dialogue. 

Asked at the close of the U.S. Consti- 
tutional Convention of 1787 whether the 
deliberations had produced a republic or 
a monarchy, Benjamin Franklin said “A 
Republic, if you can keep it.” Just as pre- 
serving a system of government requires 
ongoing dedication and vigilance, so too 
does protecting the integrity of science. ™ 
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reproducibility 


By B.A. Nosek,* G. Alter, G. C. Banks, 

D. Borsboom, S. D. Bowman, 

S. J. Breckler, S. Buck, C. D. Chambers, 
G. Chin, G. Christensen, M. Contestabile, 
A. Dafoe, E. Eich, J. Freese, 

R. Glennerster, D. Goroff, D. P. Green, B. 
Hesse, M. Humphreys, J. Ishiyama, 

D. Karlan, A. Kraut, A. Lupia, P. Mabry, 
T. A. Madon, N. Malhotra, 

E. Mayo-Wilson, M. McNutt, E. Miguel, 
E. Levy Paluck, U. Simonsohn, 

C. Soderberg, B. A. Spellman, 

J. Turitto, G. VandenBos, S. Vazire, 

E. J. Wagenmakers, R. Wilson, T. Yarkoni 


ransparency, openness, and repro- 

ducibility are readily recognized as 

vital features of science (J, 2). When 

asked, most scientists embrace these 

features as disciplinary norms and 

values (3). Therefore, one might ex- 
pect that these valued features would be 
routine in daily practice. Yet, a growing 
body of evidence suggests that this is not 
the case (4-6). 

A likely culprit for this disconnect is an 
academic reward system that does not suf- 
ficiently incentivize open practices (7). In the 
present reward system, emphasis on innova- 
tion may undermine practices 
that support verification. Too 
often, publication requirements 
(whether actual or perceived) fail to encour- 
age transparent, open, and reproducible sci- 
ence (2, 4, 8, 9). For example, in a transparent 
science, both null results and statistically 
significant results are made available and 
help others more accurately assess the evi- 
dence base for a phenomenon. In the present 
culture, however, null results are published 
less frequently than statistically significant 
results (JO) and are, therefore, more likely 
inaccessible and lost in the “file drawer” (11). 

The situation is a classic collective action 
problem. Many individual researchers lack 
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strong incentives to be more transparent, 
even though the credibility of science would 
benefit if everyone were more transparent. 
Unfortunately, there is no centralized means 
of aligning individual and communal incen- 
tives via universal scientific policies and pro- 
cedures. Universities, granting agencies, and 
publishers each create different incentives 
for researchers. With all of this complexity, 
nudging scientific practices toward greater 
openness requires complementary and coor- 
dinated efforts from all stakeholders. 


THE TRANSPARENCY AND OPENNESS 
PROMOTION GUIDELINES. The Transpar- 
ency and Openness Promotion (TOP) Com- 
mittee met at the Center for Open Science 
in Charlottesville, Virginia, in November 
2014 to address one important element of 
the incentive systems: journals’ 
procedures and policies for pub- 
lication. The committee con- 
sisted of disciplinary leaders, 
journal editors, funding agency 
representatives, and disciplin- 
ary experts largely from the 
social and behavioral sciences. 
By developing shared standards 
for open practices across jour- 
nals, we hope to translate sci- 
entific norms and values into 
concrete actions and change the 
current incentive structures to 
drive researchers’ behavior to- 
ward more openness. Although 
there are some idiosyncratic is- 
sues by discipline, we sought to 
produce guidelines that focus 
on the commonalities across 
disciplines. 

Standards. There are eight 
standards in the TOP guidelines; 
each moves scientific communi- 
cation toward greater openness. 
These standards are modular, 
facilitating adoption in whole 
or in part. However, they also 
complement each other, in that 
commitment to one standard 
may facilitate adoption of oth- 
ers. Moreover, the guidelines are sensitive 
to barriers to openness by articulating, for 
example, a process for exceptions to shar- 
ing because of ethical issues, intellectual 
property concerns, or availability of neces- 
sary resources. The complete guidelines are 
available in the TOP information commons 
at http://cos.io/top, along with a list of 
signatories that numbered 86 journals and 
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26 organizations as of 15 June 2015. The 
table provides a summary of the guidelines. 

First, two standards reward research- 
ers for the time and effort they have spent 
engaging in open practices. (i) Citation 
standards extend current article citation 
norms to data, code, and research materi- 
als. Regular and rigorous citation of these 
materials credit them as original intellec- 
tual contributions. (ii) Replication stan- 
dards recognize the value of replication 
for independent verification of research 
results and identify the conditions under 
which replication studies will be published 
in the journal. To progress, science needs 
both innovation and self-correction; repli- 
cation offers opportunities for self-correc- 
tion to more efficiently identify promising 
research directions. 


Second, four standards describe what 
openness means across the scientific pro- 
cess so that research can be reproduced 
and evaluated. Reproducibility increases 
confidence in results and also allows schol- 
ars to learn more about what results do 
and do not mean. (i) Design standards in- 
crease transparency about the research 
process and reduce vague or incomplete 
reporting of the methodology. (ii) Research 
materials standards encourage the provi- 
sion of all elements of that methodology. 
(iii) Data sharing standards incentivize 
authors to make data available in trusted 
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repositories such as Dataverse, Dryad, the 
Interuniversity Consortium for Political and 
Social Research (ICPSR), the Open Science 
Framework, or the Qualitative Data Reposi- 
tory. (iv) Analytic methods standards do the 
same for the code comprising the statistical 
models or simulations conducted for the re- 
search. Many discipline-specific standards 
for disclosure exist, particularly for clini- 
cal trials and health research more gener- 
ally (e.g., www.equator-network.org). Many 
more are emerging for other disciplines, 
such as those developed by Psychological 
Science (12). 

Finally, two standards address the values 
resulting from preregistration. (i) Standards 
for preregistration of studies facilitate the 
discovery of research, even unpublished 
research, by ensuring that the existence of 


the study is recorded in a public registry. 
(ii) Preregistration of analysis plans certify 
the distinction between confirmatory and 
exploratory research, or what is also called 
hypothesis-testing versus hypothesis-gen- 
erating research. Making transparent the 
distinction between confirmatory and ex- 
ploratory methods can enhance reproduc- 
ibility (3, 13, 14). 

Levels. The TOP Committee recognized 
that not all of the standards are applicable 
to all journals or all disciplines. Therefore, 
rather than advocating for a single set of 
guidelines, the TOP Committee defined 
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three levels for each standard. Level 1 is de- 
signed to have little to no barrier to adop- 
tion while also offering an incentive for 
openness. For example, under the analytic 
methods (code) sharing standard, authors 
must state in the text whether and where 
code is available. Level 2 has stronger ex- 
pectations for authors but usually avoids 
adding resource costs to editors or pub- 
lishers that adopt the standard. In Level 2, 
journals would require code to be deposited 
in a trusted repository and check that the 
link appears in the article and resolves to 
the correct location. Level 3 is the strongest 
standard but also may present some barri- 
ers to implementation for some journals. 
For example, the journals Political Analysis 
and Quarterly Journal of Political Science 
require authors to provide their code for 
review, and editors reproduce the reported 


analyses publication. In the table, we pro- 
vide “Level 0” for comparison of common 
journal policies that do not meet the trans- 
parency standards. 

Adoption. Defining multiple levels and 
distinct standards facilitates informed 
decision-making by journals. It also ac- 
knowledges the variation in evolving norms 
about research transparency. Depending on 
the discipline or publishing format, some 
of the standards may not be relevant for 
a journal. Journal and publisher decisions 
can be based on many factors—including 
their readiness to adopt modest to stron- 
ger transparency standards for authors, 
internal journal operations, and disciplin- 
ary norms and expectations. For example, 
in economics, many highly visible journals 
such as American Economic Review have 
already adopted strong policies requiring 


data sharing, whereas few psychology jour- 
nals have comparable requirements. 

In this way, the levels are designed to fa- 
cilitate the gradual adoption of best prac- 
tices. Journals may begin with a standard 
that rewards adherence, perhaps as a step 
toward requiring the practice. For example, 
Psychological Science awards badges for 
“open data,” “open materials,’ and “prereg- 
istration” (72), and approximately 25% of 
accepted articles earned at least one badge 
in the first year of operation. 

The Level 1 guidelines are designed to 
have minimal effect on journal efficiency 
and workflow while also having a measur- 
able impact on transparency. Moreover, 
although higher levels may require greater 
implementation effort up front, such efforts 
may benefit publishers and editors and the 
quality of publications by, for example, re- 
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Summary of the eight standards and three levels of the TOP guidelines 
Levels 1 to 3 are increasingly stringent for each standard. Level O offers a comparison that does not meet the standard. 


LEVEL O 


LEVEL1 


LEVEL 2 


LEVEL3 


Citation standards 


Data transparency 


Analytic methods 


(code) transparency 


Research materials 


transparency 


Design and analysis 


transparency 


Journal encourages 
citation of data, code, 
and materials—or says 
nothing. 


Journal encourages 
data sharing—or says 
nothing. 


Journal encourages 


code sharing—or says 
nothing. 


Journal encourages 


materials sharing—or 
says nothing 


Journal encourages 


design and analysis 
transparency or says 
nothing. 


Journal describes 
citation of data in 
guidelines to authors 
with clear rules and 
examples. 


Article states whether 
data are available and, 
if so, where to access 
them. 


Article states whether 


code is available and, if 
so, where to access 
them. 


Article states whether 


materials are available 
and, if so, where to 
access them. 


Journal articulates 


design transparency 
standards. 


Article provides appropriate 
citation for data and materials 
used, consistent with journal's 
author guidelines. 


Data must be posted to a 
trusted repository. Exceptions 
must be identified at article 
submission. 


Code must be posted to a 


trusted repository. Exceptions 
must be identified at article 
submission. 


Materials must be posted to a 
trusted repository. Exceptions 
must be identified at article 
submission. 


Journal requires adherence to 


design transparency standards 
for review and publication. 


Article is not published until 
appropriate citation for data 
and materials is provided that 
follows journal's author 
guidelines. 


Data must be posted to a 
trusted repository, and 
reported analyses will be 
reproduced independently 


before publication. 


Code must be posted to a 
trusted repository, and 
reported analyses will be 
reproduced independently 


before publication. 


Materials must be posted to a 
trusted repository, and 
reported analyses will be 
reproduced independently 


before publication. 


Journal requires and enforces 
adherence to design transpar- 
ency standards for review and 
publication. 


Preregistration 
of studies 


Preregistration 
of analysis plans 


Replication 


Journal says nothing. 


Journal says nothing. 


Journal discourages 


submission of 
replication studies—or 
says nothing. 
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Journal encourages 
preregistration of 
studies and provides 
link in article to 
preregistration if it 


exists. 


Journal encourages 

preanalysis plans and 
provides link in article 
to registered analysis 


plan if it exists. 


Journal encourages 
submission of 
replication studies. 


Journal encourages preregis- 
tration of studies and provides 
link in article and certification 
of meeting preregistration 
badge requirements. 


Journal encourages preanaly- 
sis plans and provides link in 
article and certification of 
meeting registered analysis 


plan badge requirements. 


Journal encourages submis- 
sion of replication studies and 
conducts blind review of 
results. 
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Journal requires preregistration 
of studies and provides link and 
badge in article to meeting 
requirements. 


Journal requires preregistration 
of studies with analysis plans 
and provides link and badge in 
article to meeting requirements. 


Journal uses Registered 


Reports as a submission option 
for replication studies with peer 
review before observing the 
study outcomes. 
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ducing time spent on communication with 
authors and reviewers, improving standards 
of reporting, increasing detectability of er- 
rors before publication, and ensuring that 
publication-related data are accessible for a 
long time. 

Evaluation and revision. An information 
commons and support team at the Center 
for Open Science is available (top @cos.io) 
to assist journals in selection and adop- 
tion of standards and will track adoption 
across journals. Moreover, adopting jour- 
nals may suggest revisions that improve 
the guidelines or make them more flexible 
or adaptable for the needs of particular 
subdisciplines. 

The present version of the guidelines is 
not the last word on standards for openness 
in science. As with any research enterprise, 
the available empirical evidence will expand 
with application and use of these guide- 
lines. To reflect this evolutionary process, 
the guidelines are accompanied by a version 
number and will be improved as experience 
with them accumulates. 

Conclusion. The journal article is central 
to the research communication process. 
Guidelines for authors define what aspects 
of the research process should be made 
available to the community to evaluate, 
critique, reuse, and extend. Scientists rec- 
ognize the value of transparency, openness, 
and reproducibility. Improvement of journal 
policies can help those values become more 
evident in daily practice and ultimately im- 
prove the public trust in science, and sci- 
ence itself. m 
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Learning from nature. Photomicrograph of cyanobacterial-heterotroph microbial consortia derived from a 
phototrophic microbial mat community from a saline lake. Emerging understanding of cooperative mechanisms 
in such communities may be helpful in the design of synthetic communities for use in biotechnology. 
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Ecological communities 


by design 


Synthetic ecology requires knowledge of how 
microbial communities function 


By James K. Fredrickson 


n synthetic ecology, a nascent offshoot 

of synthetic biology, scientists aim to 

design and construct microbial com- 

munities with desirable properties. 

Such mixed populations of microor- 

ganisms can simultaneously perform 
otherwise incompatible functions (J). 
Compared with individual organisms, they 
can also better resist losses in function as 
a result of environmental perturbation or 
invasion by other species (2). Synthetic 
ecology may thus be a promising approach 
for developing robust, stable biotechno- 
logical processes, such as the conversion 
of cellulosic biomass to biofuels (3). How- 
ever, achieving this will require detailed 
knowledge of the principles that guide the 
structure and function of microbial com- 
munities (see the image). 
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Recent work with synthetic communities 
is shedding light on microbial interactions 
that may lead to new principles for commu- 
nity design and engineering. In game the- 
ory, cooperators provide publicly available 
goods that benefit all, whereas cheaters 
exploit those goods without reciprocation. 
The tragedy of the commons predicts that 
cheaters are more fit than cooperators, 
eventually destroying the cooperation. Yet, 
this is not borne out by observations. For 
example, using a synthetic consortium of 
genetically modified yeast to represent co- 
operators and cheaters, Waite and Shou (4) 
found that, although initially less fit than 
cheaters, cooperators rapidly dominated in 
a fraction of the cultures. The evolved coop- 
erators harbored mutations allowing them 
to grow at much lower nutrient concentra- 
tions than their ancestor. This suggests that 
the tragedy of the commons can be avoided 
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if, during adaptation, the fitness gain of co- 
operators exceeds that of the cheaters by at 
least the cost of cooperation (see the figure). 

The work by Asfahl et al. provides an- 
other example of deferring the tragedy of 
the commons via nonsocial adaptation (5). 
The opportunistic pathogen Pseudomo- 
nas aeruginosa uses diffusible signaling 
molecules, in a process known as quorum 
sensing (QS), to regulate public goods—re- 
sources that can benefit the entire commu- 
nity. Under growth conditions that require 
QS-regulated public goods, mutations in 
the transcriptional regulator psdR give rise 
to a nonsocial adaptation. This mutation 
has no effect on public goods expression; 
rather, it increases the fitness of individuals 
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with mutation 
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iene race. In cooperative communities, cheaters use common goods without paying the cost to produce them. In the absence 
of adaptation or adaptive mutations, the cheaters eventually win out but cause the system to collapse. In synthetic communities of 
cooperators that excrete lysine and cheaters that require lysine, both species adapt to cope with limited resources. In the example 
shown, a mutation in a cooperator allows the mutated strain to outcompete its ancestors over time. This mechanism explains why 


a recent study, Mee et al. (7) explored the 
basic principles of syntrophic exchange in 
synthetic communities consisting of Esch- 
erichia coli mutants auxotrophic for differ- 
ent amino acids. They found that stronger 
cooperative interactions were promoted 
between cells exchanging metabolically ex- 
pensive amino acids compared to those that 
are cheaper to synthesize. Hence, amino 
acid auxotrophy may be a common strategy 
by which microbial communities lessen the 
collective metabolic burden of biosynthe- 
sis and stabilize cooperation. Further evi- 
dence for this comes from the persistence 
of metabolic cooperation between different 
E. coli amino acid auxotrophs in adaptively 
evolved cocultures (8). 


cooperating microbial communities can persist in changing environments. For further details, see (4). 


harboring the mutation by improving intra- 
cellular metabolism of the goods. Although 
the adapted population is still subject to in- 
vasion by cheaters, the mutation affords a 
higher fitness (growth rate) that increases 
the population’s tolerance of cheaters, thus 
maintaining cooperative behavior. This sug- 
gests that fitness adaptations are a funda- 
mental mechanism by which cooperative 
communities can be maintained under the 
persistent threat of cheaters. 

Microbial communities also cooperate 
through metabolic cross-feeding or syn- 
trophy, where one organism synthesizes a 
compound that another organism requires 
but cannot produce. For example, amino 
acids and sugar exchange are common mu- 
tualistic interactions in co-occurring sub- 
communities from different habitats (6). In 
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Inherent to community productivity 
is the question of what maintains cross- 
feeding in the presence of metabolically 
independent noncooperators. Pande e¢ al. 
(9) addressed this question with synthetic 
communities of E. coli that had been geneti- 
cally modified to require uptake of certain 
amino acids for growth and to release other 
amino acids into the environment. Most 
cross-feeding consortia grew more rapidly 
than the parental bacterium that could 
synthesize all the amino acids needed for 
growth; this was the case even when the 
consortia were cultivated with the parent 
and therefore in direct competition for nu- 
trients. The authors attributed the greater 
fitness of the cooperating consortia to a 
metabolic division of labor. Here, the added 
costs of producing an excess of one or more 
amino acids to benefit the community were 
more than compensated for by the reduced 
costs incurred by not having to synthesize 
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all amino acids de novo. The loss of spe- 
cific biosynthetic functions can give rise to 
stable metabolic interactions that benefit 
the interacting organisms. This likely ex- 
plains why amino acid exchange is common 
among members of microbial communities 
throughout the biosphere (7). 

In some cases, the interactions between 
community members that give rise to 
higher-order properties emerge only when 
distinct physical structures are formed. 
A coculture of P. aeruginosa, Pseudomo- 
nas protegens, and Klebsiella pneumoniae 
forms a mixed-species biofilm that collec- 
tively exhibits greater resistance to antimi- 
crobials (tobramycin and sodium dodecyl 
sulfate) than do biofilms of the individual 
species (70). Furthermore, when 
the mixed culture is grown 
planktonically and treated with 
tobramycim, only the more re- 
sistant P. protegens survive. The 
results indicate that species 
composition and spatial orga- 
nization can affect higher-order 
properties such as stress resis- 
tance. It remains unclear how 
the spatial organization of dif- 
ferent species in mixed biofilms 
helps to make them resilient. 

Model systems derived from 
natural communities have tre- 
mendous untapped potential to 
uncover the genetic, biochemi- 
cal, and evolutionary bases 
for ecological interactions at 
play in more complex systems 
(11). Microbial oxygenic photo- 
trophs are ubiquitous world- 
wide and host diverse microbes 
that can influence the physiol- 
ogy and ecology of the host. 
Sison-Mangus et al. (12) investigated how 
coadaptation affects the interactions be- 
tween Pseudo-nitzschia, a genus of marine 
diatoms, and the bacteria associated with 
them. They discovered that individual spe- 
cies of the diatom harbor phylogenetically 
distinct bacterial communities and that 
the communities associated with species 
that produce the toxin domoic acid are less 
diverse. Transplant experiments to assess 
coevolution effects on host fitness revealed 
that bacteria conferred stronger fitness 
to their natural host than to non-native 
diatoms. That some organisms may select 
for specific microbes they host, possibly 
through metabolite secretion, suggests this 
may be an effective approach for designing 
synthetic communities. 

Colonization resistance, defined as the 
capacity for the native community to resist 
invasion, is thought to be a major func- 
tion of the microbiome. To explore mecha- 
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nisms of colonization resistance, He et al. 
(13) investigated a community cultivated 
from mouse oral cavity that could detect 
the presence of £. coli and enhance its 
lethality toward the invader by elevating 
H,O, production (/4). Using information 
from the simplified oral microbiome, the 
authors constructed a synthetic consor- 
tia consisting of three mice oral bacterial 
species from previous studies and used 
it to investigate colonization resistance 
mechanisms. Their results revealed the 
roles of the three species: Streptococcus 
saprophyticus functions as a sensor by de- 
tecting E. coli lipopolysaccharide, whereas 
Streptococcus infantis serves as a media- 
tor that detects a diffusible signal from the 
sensor and relays information to the killer 
(Staphylococcus sanguinus), which turns 
on H,O, production. These mechanistic 
details of interactions provide insight into 
how microbiomes might be designed and 
engineered to resist invasion. 

Substantial challenges remain before syn- 
thetic ecology can be successfully applied 
to biotechnologies such as consolidated 
bioprocessing of lignocellulosic biomass for 
biofuel production. For example, it remains 
to be shown how interactions among com- 
munity members drive assembly and struc- 
ture and how these interactions give rise 
to higher-order properties. To gain a better 
understanding of these processes, scien- 
tists must identify and quantify the numer- 
ous biomolecules produced and secreted 
by microbes in communities and link the 
exchanges of these molecules to specific 
organisms and the genes involved in pro- 
duction and consumption. & 
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Mother's littlest helpers 


Breastmilk nourishes the microbes colonizing 


the neonatal intestinal tract 


By Katie Hinde! and Zachery T. Lewis” 


ommensal bacteria underlie, in part, 
our nutritional status, immune func- 
tion, and psychological well-being. 
The trillions of beneficial microbes 
within our intestinal tract convert 
dietary nutrients, inhibit pathogen 
colonization, regulate immune processes, 
and produce neural signals (7, 2). Advances 
in our understanding of the importance of 
microbes have motivated the commercial 
development of products intended to boost 
“good” commensals and confer health ben- 
efits. Probiotic dietary supplements contain 
live beneficial microbes hoped to subse- 
quently colonize the gut. Prebiotic nutrients 
are thought to enhance good gastrointesti- 
nal microflora by preferentially nourishing 
beneficial microbes. Even “psychobiotics” 
are being explored to ameliorate symptoms 
of psychiatric illness. These live organisms 
influence the brain through metabolites and 
neuroactive compounds in rodent models 
and preliminary human studies (3). How to 
most effectively be the landscape architects 
of our microbial community, however, often 
remains unclear. An opportunity to gain in- 
sights into how natural selection has shaped 
the coevolution of hosts and microbes can 
be found in mammalian mother-infant dy- 
ads, as our microbiota are ecologically en- 
gineered by mothers and breastmilk. Such 
insights can be leveraged to improve clinical 
management and nutritional technologies, 
enhancing human health not just in infancy, 
but across the life course (4, 5). 
Establishment and maintenance of the 
microbial community within the human in- 
fant gut vary as a function of bacterial expo- 
sure, successful colonization, and sustained 
nutrition. Perinatal exposure is a function of 
highly variable birth experiences within and 
across cultures, from Cesarian delivery in a 
hospital surgical suite to a vaginal birth in 
a traditional village home (J, 2, 5). As such, 
microbial transfer from the surrounding 
people, animals, and surfaces to the neonate 
varies substantially. Microbes are also pres- 
ent in breastmilk and may contribute to the 
developing infant gut microbiome, but this 
is currently an open question. The origin of 
these milk microbes may lie in the estab- 
lished pathways of surface skin contamina- 
tion and retrograde flow (salivary backwash) 
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as aresult of the intra-oral vacuum dynamics 
of suckling (6), or via the more speculative 
translocation to milk through a gut-mam- 
mary route (5, 7). 

Once breastmilk is in the intestinal en- 
vironment of an infant, intense microbial 
competition exists for both space and nu- 
trients. The major available carbon source, 
human milk glycans, are complex oligosac- 
charide and glycoconjugate compounds that 


“..our microbiota are 
ecologically engineered by 
mothers and breastmilk.” 


typically pass undigested from the infant 
stomach because eutherian mammals (those 
with a placenta) lack enzymes to cleave them 
(8, 9). Investigations of the structure of milk 
oligosaccharides reveal that human milk 
has a greater diversity (>200 isomers), more 
complexity, and higher abundance than the 
milk of other primates, including all of the 
great apes (4, 8). Importantly, certain oligo- 
saccharides that dominate human milk, but 
are absent or rare in other primates, are the 
preferred food of Bifidobacterium, the most 
prevalent microbial clade in the healthy in- 
fant gut (8). 

Bifidobacterium was first described as 
a major member of the infant gut commu- 
nity over 40 years ago. More recently, it was 
demonstrated that the model “breastfed- 
infant-type” bifidobacteria, B. longum subsp. 
infantis, has genes encoding proteins pre- 
dicted to bind, import, cleave, and metabo- 
lize the major oligosaccharides present in 
human milk (J0). Variation in the oligosac- 
charide profile in breast milk (within and 
among mothers) influences the timing and 
type of microbial community established 
in an infant, both at the level of broad mi- 
crobial clades and among _ bifidobacterial 
species (71). Bifidobacterial consumption of 
oligosaccharides produces short-chain fatty 
acids such as acetate and butyrate, some of 
which are used as a fuel source by infant 
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Infant microbiota 


Of milk and microbes. The oligosaccharide content of a mother’s breastmilk may influence the gut microbiota—and 


consequently, the health and well-being—of an infant. 


colonocytes, can aid the infant’s immune 
system, and can create a low environmental 
pH in the gastrointestinal tract that is hos- 
tile to some pathogens (J, 5). 

To date, the most studied variation in 
milk oligosaccharide profile has been the 
presence, abundance, and composition of fu- 
cosylated oligosaccharides. Mutations of the 
FUT2 “secretor” gene influence the structure 
of milk oligosaccharides by preventing 2’ fu- 
cosylation (17). In a sample of mothers from 
a WEIRD population (Western, educated, 
industrialized, rich, democratic), bifidobac- 
teria were established earlier and more of- 
ten in infants breastfed by mothers without 
mutations in FUT2 (11). Although maternal 
genotype influences the carbohydrate sup- 
port of bacteria in the infant intestinal tract, 
whether infant genotype or gene expression 
influences the intestinal environment for 
hosting microbes has not been described. 
How infants are agents in their own devel- 
opment, as well as the potential outcomes 
when there is concordance or discordance 
between the mother’s and infant’s genotypes, 
are topics of future research. 
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Bifidobacterial preponderance, particu- 
larly of “breastfed-infant-type” species, is 
associated with better infant health and 
development. Bifidobacteria seemingly aid 
in the proper function of intestinal epithe- 
lial cells, enhancing barrier function and 
inducing anti-inflammatory signaling (5). 
Recently, Bangladeshi infants colonized by 
high amounts of B. longum subsp. infantis 
were shown to have a larger thymus (where 
lymphocytes mature) and multiple indica- 
tors of better cell-mediated immunity (12). 
These infants had better peripheral T cell 
response to Staphylococcus enterotoxin B 
and better T cell response following vaccina- 
tion against the oral polio virus and tetanus 
toxoid. Because infant and child vaccina- 
tion is a central component of public health, 
minimizing microbial dysbiosis is likely an 
important feature of the success of vaccina- 
tion campaigns. 

Ongoing and future studies that system- 
atically integrate the use of probiotics, prebi- 
otics, and breastmilk (or donor milk feeding) 
will yield necessary guidance on improving 
bacterial colonization and health outcomes 
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of hospitalized preterm and low-birth 
weight newborns. Preliminary studies have 
revealed that the administration of probiot- 
ics and exclusive breastmilk feeding reduce 
the risk of neonatal mortality and incidence 
of necrotizing enterocolitis, a dangerous dis- 
ease caused in part by microbial dysbiosis 
(13, 14). Exfoliated intestinal epithelial cells 
recovered from feces now allow researchers 
to evaluate how gene expression underlying 
intestinal cell proliferation, differentiation, 
and barrier function is affected by microbial 
activity. Such shed cells have demonstrated 
that breastfeeding influences gene expres- 
sion in the neonatal intestinal tract (75). 

Natural selection generates adaptations 
by acting on traits characterized by varia- 
tion, heritability, and differential fitness 
outcomes. Indeed, the human milk glycan 
system shows clear evidence of divergence 
and expansion since the last common an- 
cestor with our primate relatives, suggest- 
ing strong selection on the coevolution of 
human milk and microbes (see the figure). 
The infant intestinal microbiota’s ability to 
metabolize, and the adaptive capacity of 
mothers to synthesize, human milk glycans 
possibly coevolved in response to selective 
regimes that exerted new pressures on im- 
munity and digestion in human evolution- 
ary history. Key candidates for such selective 
pressures are transitions to subsistence ag- 
riculture and animal domestication. These 
cultural practices are associated with in- 
creased sedentism and population density, 
altered dietary nutrition, and intensified 
zoonotic and communicable disease trans- 
mission. Embracing evolutionary and cul- 
tural ecology perspectives will enhance our 
understanding of mother’s littlest helpers 
and hopefully improve clinical interventions 
and public health. @ 
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Bearing down on hydrogen 


Shockwaves are used to turn deuterium into a liquid metal 


By Graeme J. Ackland 


nder high pressure, electrons can be 

squeezed out of the covalent bond 

that holds the hydrogen molecule 

together. Under these conditions, 

condensed hydrogen can become 

metallic, but the pressures required 
can be obtained only through the gravita- 
tional field of gas giant planets, or fleetingly 
in shock waves. On page 1455 of this issue, 
Knudson et al. (7) report experiments using 
the Z machine at Sandia National Laborato- 
ries that uses an aluminum plate propelled 
by giant capacitors to generate concentrated 
shock waves in a tiny sample (2). They ob- 
serve metallic liquid hydrogen at pressures 
around 300 GPa and temperatures between 
1000 and 2000 K created for a tenth of a mi- 
crosecond. By shock wave standards, that is 
remarkably cold and slow. 

It took 50 years from prediction to discov- 
ery of the Higgs boson. By comparison, after 
80 years, the most famous conjecture in con- 
densed-matter physics remains unproven. 
In 1935, Hillard Huntington and Eugene 
Wigner calculated the properties of metallic 
hydrogen (3). Based on a nearly free electron 
picture, they calculated that a simple atomic 
structure (body-centered cubic) would be 
some 10-fold denser than cold molecular hy- 
drogen. Ignorant of the compressibility, they 
stated that the required pressures would 
be above 25 GPa, an impossible pressure in 
those days. 

It turned out, however, that the com- 
pressibility of hydrogen is much lower than 
they had guessed, and to reach the needed 
density, a pressure of 350 GPa would be 
required. They also underestimated the in- 
genuity of experimentalists, as such “impos- 
sible” pressures are now obtained by two 
separate methods: shock compression and 
diamond anvil cells. 

It was previously assumed that at high 
pressures, hydrogen behaves like the other 
group I elements. When sufficient mechani- 
cal energy is applied, hydrogen would transi- 
tion from a molecular insulator to an atomic 
metal. Curiously, it turns out that group I 
elements do the opposite, changing from 
metal to insulator under pressure. They do 
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this by becoming electrides: pseudo-ionic 
compounds in which valence electrons be- 
come localized in interstitial sites between 
the ions (4). Moreover, just as the idea that 
atomic structures need not be metallic 
was taking hold, calculations on hydrogen 
started to predict that some molecular struc- 
tures may be metallic (5). 

Adding to this conceptual confusion is 
that the hydrogen atom is light enough that 
its quantum-mechanical wavelength ap- 
proaches the interatomic spacing. The nuclei 
must then be treated as indistinguishable 
quantum particles, which has led to the pre- 
diction of exotic phases of matter such as 
superfluids or superconductors (6). Under 
such conditions, the behavior of deuterium 
(as used by Knudson et al.) would be differ- 
ent because of its higher mass and bosonic 
nucleus. At high temperatures, the difference 
between deuterium and hydrogen is likely 
to be smaller. Traditional shock experiments 
can only traverse a particular set of isentro- 
pic pressure (P), temperature (7) states, and 
these are different for hydrogen and deute- 
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rium. The shaped pulses of the Z machine al- 
low a range of PT space to be explored. 

The structure of solid hydrogen up to 
pressures of 250 GPa is well established (7) 
(see the figure). Phase I is a hexagonal close- 
packed molecular liquid. Here, the high- 
school image of H, as a dumbbell molecule is 
misleading. According to quantum mechan- 
ics, at low pressure, H, behaves as a free ro- 
tor, pointing in all directions with the same 
probability. Phase I can therefore be thought 
of as the close packing of spherical mol- 
ecules. As pressure increases, the molecules 
interact, and at low temperature, this leads 
to a broken symmetry phase II, where the 
rotation has stopped. At high temperature, 
the melt line shows a maximum around 900 
K and 70 GPa. As the pressure is increased 
further, the melting temperature drops, 
meaning that the liquid is denser than the 
close-packed crystal (8, 9). 

Under further pressure increase, accord- 
ing to theory, a new motif appears—groups 
of three hydrogen molecules arrange them- 
selves into hexagonal trimers. The electrons 
are not yet dissociated, and the structure 
remains nonmetallic, but the covalent bond- 
ing is much weaker. In the low-temperature 
phase III, all molecules are in such trimers. 
However, at high temperature, phase IV ap- 
pears to comprise alternating layers of tri- 
mers and relatively freely rotating molecules. 
This is found in simulation, and evidenced 
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Schematic phase diagram of hydrogen. The figure shows the four known solid phases | to lV and two observed 
liquid phases, together with the predicted atomic liquid. Blue rings imply rotating quantum molecules, wiggly lines 
imply entangled rotor state, and solid bonds are where calculation shows a covalent bond. 
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experimentally by the appearance of two 
distinct molecular vibration frequencies (JO, 
11). If one treats the atoms in the trimer layer 
as small spheres, and the free molecules as 
large spheres, the average structure as seen 
in molecular dynamics calculation corre- 
sponds to the densest possible packing for 
such hard spheres. The notion that at high 
pressure hydrogen simply adopts the most 
efficient packing structure is compelling. 

Although there are many theoretical 
predictions, no metallic solid phase of hy- 
drogen has yet been produced. Nor is it 
resolved whether the melting temperature 
continues to drop, perhaps to zero in a 
quantum superfluid, or rises again when 
metallic phases occur. 

Returning to the liquid phase, the di- 
agnostic technique used by Knudson et 
al. essentially looks for the reflection of 
visible light from the interface between 
the deuterium sample and its aluminum 
holder. The first strong signal is the drop 
in reflectivity around 120 GPa. This is not a 
structural transition; the bandgap is small 
enough that visible light is absorbed. Then, 
at a pressure between 280 to 300 GPa, the 
reflected light reappears, implying that hy- 
drogen has turned into a shiny metal in a 
transformation that is primarily driven by 
compression rather than heating. Simula- 
tions in these conditions suggest the onset 
of molecular dissociation; however, the 
calculated metallization pressure depends 
sensitively on the approximations made in 
the calculation (1, 8, 12-14). 

Thus, it appears that metallization occurs 
at lower pressures in the liquid than in the 
solid. The high temperature probably helps: 
At very high temperatures like those ob- 
tained in a nuclear fusion device, deuterium 
forms a plasma in which the electrons are 
boiled off rather than squeezed out. Despite 
static compression beyond values of Knud- 
son et al., no solid hydrogen metal has yet 
been made, and so Wigner and Huntington’s 
prediction still awaits its proof. @ 
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Who can cleave DMSP? 


A DMSP lyase from an abundant marine eukaryote differs 
fundamentally from known bacterial enzymes 


By Andrew W. B. Johnston 


arine organisms play a key role 

in the global sulfur cycle by pro- 

ducing dimethyl sulfide (DMS), a 

volatile compound that is emitted 

into the atmosphere. On page 1466 

of this issue, Alcolombri et al. (J) 
report how the abundant marine phyto- 
plankton Emiliania huxleyi (see the image) 
produces DMS from dimethylsulfoniopro- 
pionate (DMSP). Using a series of classical 
biochemical approaches, augmented by ge- 
nomic and proteomic analyses, the authors 
isolated the enzyme and corresponding 
gene (termed Alma) that cleaves DMSP 
into acrylate and DMS. They also found a 
functional Almal-like enzyme in a dinofla- 
gellate, a very different type of abundant 
single-cell marine plankton, emphasizing 
the widespread importance of this newly 
discovered DMSP lyase. 

DMSP is one of the most important and 
abundant organic molecules in the world 
(2), with a billion metric tons made and 
turned over every year. A signature mol- 
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ecule for life at sea, it is produced by ma- 
rine macroalgae as well as by single-cell 
phytoplankton species, such as diatoms, 
dinoflagellates, and—as in this case—the 
haptophyte F. huxleyi. It most likely serves 
to protect organisms to survive osmotic 
stress, although other functions have been 
suggested, ranging from defense against 
grazing to protection against oxidative and 
other stresses. 

When Challenger and Simpson first 
identified DMSP in 1948 in the red alga 
Polysiphonia (3), they recognized it as the 
chemical progenitor of the volatile DMS 
known to emanate from these seaweeds 
(4). Shortly afterwards, Cantoni and An- 
derson isolated an enzyme from these 
algae that was able to cleave DMSP; con- 
sistent with findings on Almal, this lyase 
required reducing agents to maintain ac- 
tivity in vitro and was associated with an 
insoluble subcellular fraction, possibly the 
chloroplast (5). 

The cleavage products are also of inter- 
est, particularly the volatile DMS, at least 
10 million metric tons of which are released 
into the atmosphere annually. DMS is a 
component of the tangy aroma of the sea- 
side and functions as a chemical attractant 


DMS producer. Micrograph of a single cell of E. huxleyi, which cleaves DMSP to produce DMS. 
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Cliffs at Hunstanton, Norfolk, England. The upper band of white chalk comprises accumulated calciferous coccolithophore skeletons. The foreground boulders are covered with 
gutweed (U. intestinalis), a green alga that makes DMSP and in which DMSP lyase activity has been described (12) but the corresponding gene has not yet been identified. 


that guides various marine animals—includ- 
ing some sea birds, invertebrates, and even 
mammals—toward potential food supplies 
(6). Not only does the release of DMS into 
the atmosphere contribute substantially to 
the global flux of sulfur from sea to air and 
back to land via precipitation (7) but also 
DMS oxidation products act as condensa- 
tion nuclei, causing water molecules to co- 
alesce, with possible effects on local climate 
through enhanced cloud formation (8). 

We already see some of the power that can 
come from the basic molecular knowledge 
provided by Alcolombri et al’s study. For ex- 
ample, cultures of different strains of FE. hux- 
leyi vary markedly in their DMSP cleavage 
activities (9); the new results suggest that 
this is almost certainly a result of different 
levels of expression of the Almal enzyme. 
Alcolombri et al. found and ratified the en- 
zymatic activity of an Almal homolog in the 
DMSP-producing (and cleaving) endosymbi- 
otic Symbiodinium, a photosynthetic dino- 
flagellate that is key to the health of corals. 
This organism is taxonomically very distant 
from haptophytes, suggestive of long-range 
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horizontal gene transfer. The Almal gene 
contains two introns and is located in the 
nucleus. This clearly rules out the possibility 
that the gene was obtained from any bacte- 
ria that might inadvertently have been in the 
FE. huzleyi culture. This is important, given 
that the oceans are awash with many differ- 
ent classes of bacteria that can cleave DMSP 
into DMS and acrylate, using a plethora of 
enzymes (10, 11). It is now clear that DMSP 
lyases exist in both eukaryotes and bacteria, 
but they must function in different ways, be- 
cause Almal bears no resemblance to any of 
the known bacterial lyases. 

The wider questions now concern the 
relative contributions of bacteria and eu- 
karyotes in the cleavage of DMSP and the 
ways in which these may be affected by and 
impinge on environmental parameters. It is 
intriguing that E. huxleyi (and other marine 
plankton) not only make DMSP but also 
cleave a fraction of this. What endogenous 
and/or external factors trigger this ability, 
and what is its adaptive function? And what 
of those other algae that make DMSP and in 
which DMSP lyase activity has been docu- 
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mented, such as those in the genus Ulva 
(12)? These include the familiar sea lettuce 
and the gutweed, seen on coastal rocks 
(see the photo). To date, their available se- 
quences contain no convincing homologs of 
the Almal polypeptide. These and other al- 
gae may contain yet other forms of enzymes 
that can claim to be DMSP lyases. @ 
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OPTICS 


Topology, spin, and light 
Evanescent solutions to Maxwell’s equations correspond to 
surface modes with strong spin-momentum locking 


By Michael Stone 


cean waves form between air and wa- 
ter, and both winds and currents decay 
exponentially with distance from 
the water surface. Similar eva- 
nescent surface waves may occur 
whenever two substances with dif- 
fering physical properties meet—but some 
are special cases because they must exist for 
topological reasons. Such mandated surface 
modes occur in the low-energy quasiparticle 
spectrum of p-wave superconductors and su- 
perfluids and constitute the defining feature 
of the electronic properties of topological in- 
sulators. On page 1448 of this issue, Bliokh 
et al. (1) suggest that we add evanescent so- 
lutions of Maxwell’s equations to this list of 
special cases, and in particular, the coupled 
oscillations of the electromagnetic field and 
the near-surface electrons in a metal that are 
known as surface plasmon-polaritons. 

These optical modes have been known 
for some time; what is new here is the claim 
that they bear a close analogy to electron 
waves of topological origin. Topological sur- 
face modes in electronic systems originate 
in the way in which the Bloch wave func- 
tions in the bulk of the material are linked 
together. This linking is characterized by 
topological invariants that cannot change 
unless some interband energy gap closes 
(for example, if the energy levels of the con- 
duction and valence band electrons cross at 
some particle momentum). 

In topological insulators (2), there is an 
energy gap between the valence bands 
occupied by electrons and the empty 
conduction bands. The bulk of the mate- 
rial is an insulator, but the surface states 
have no energy gap and the surface is con- 
ducting. The gaplessness arises because the 
linking means that we cannot break the solid 
into a collection of disconnected atoms with- 
out closing the energy gap. The outside of the 
material looks to the interior electrons as a 
disconnected part, so the gap must close at 
the surface. 

The low-energy surface electrons typically 
obey a Weyl equation, which is the “half- 
Dirac” equation that describes massless 
neutrinos with a definite handedness. The 
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Conduction band 


AWeyl point. The energy-momentum relation near a 
Weyl point is seen in the surface states of a topological 
insulator, the bulk states of a Wey! semimetal, the 
evanescent plasmon-polaritons, and the theoretical study 
of Bliokh et al. Near such a point with momentum p = p,, 
the energy is given by E(p) = +const. |k|, where k = p—p,. 


graph of the energy versus momentum of a 
particle obeying the Weyl equation forms a 
cone with the positive and negative energy 
state touching at a single “Weyl point” (see 
the figure). A full Dirac equation for mass- 
less particles falls apart into a pair of Weyl 
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equations with opposite handedness. Add- 
ing a mass term to a Dirac pair of Weyl fer- 
mions couples the left- and right-handed 
modes and opens a gap between the upper 
and lower cones in the energy spectrum. 
In the absence of an opposite-handed Weyl 
mode, no gap can open. Weyl equations also 
appear in a class of topological materials 
called Weyl semimetals (3). In this case, the 
low-energy electrons in the interior obey 
Weyl equations. In a Weyl semimetal, there 
is an even number of points in momentum 
space where the conduction and valence 
band touch and where the wave func- 
tions obey a Weyl equation. These ma- 
terials also have gapless surface states, 
where the momenta of the zero-energy 
states lie on “Fermi arcs” that connect the 
projections of left- and right-handed Weyl 
points onto the surface. 
Interest in the topological character of 
evanescent optical modes arises from a 
growing appreciation of the close resem- 
blance of the wave equations for the spin-1 
photon and the spin-% electron—and how 
spin has similar effects on the dynamics 
of both. The free-space Maxwell equations 
can be rewritten in “Riemann-Silberstein” 
(RS) form (4) where four equations for the 
real-valued electric field E and magnetic 
field B reduce to two complex-valued equa- 
tions, one for the right-handed combina- 
tion E + icB and one for the left-handed 
combination E - icB, where c is the speed 
of light. The RS equations look like a Dirac 
pair of Weyl equations except that two-by- 
two spin-% Pauli matrices are replaced by 
three-by-three spin-1 equivalents. 
As a result of their close resemblance, the 
semiclassical equations of motion for both 
systems contain anomalous velocity terms 
that are momentum-space analogs of the 
Lorentz force, but with the electromagnetic 
field replaced by the same Berry curvature 
that provides the topological invariant in 
the Weyl semimetals. In particle physics 
and condensed matter systems, this anom- 
alous velocity is responsible for the viola- 
tion of Liouville’s theorem on phase space 
conservation at a Weyl point, and hence for 
the chiral anomaly that violates the sepa- 
rate conservation of the number of left- and 
right-handed particles even in the absence 
of a mass (5). In optics, the anomalous veloc- 
ity is responsible for the spin-Hall effect of 
light and related effects (6). 

A key characteristic of topological surface 
states is that the spin degree of freedom is 
locked in a fixed relation to the direction of 
the momentum. This same feature appears 
in all evanescent wave solutions to Maxwell’s 
equations. Furthermore, the solution to each 
of the right- or left-chirality free-space RS 
equations has topological invariant or Chern 
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number C = 2 (twice as large as the C = 1 of 
the spin-% equation), which again suggests 
that the boundary of free space should host 
topological modes. 

Evanescent electromagnetic waves are 
trapped at any surface where the sign of one 
or both of the permittivity ¢ or the perme- 
ability u changes from positive to negative 
and so couples the left- and right-handed 
Weyl-like equations. A sign change in € oc- 
curs, for example, at the surface of a metal 
at frequencies below the electron plasma fre- 
quency €,, and the resulting modes are the 
surface plasmon-polaritons. These modes 
have a nonzero spin angular momentum that 
always lies to the right of their direction of 
propagation. This spin-momentum locking 
leads to fascinating directional scattering ef- 
fects when the plasmon-polaritons run into 
surface defects (7). 

In the topological interpretation, the in- 
terior or “bulk” of the topological system is 
free space, so the RS system is an analog of 
a Weyl semimetal (see the figure). It is re- 
ally a Dirac semimetal (8), where the two 
Weyl points coincide to make a Dirac point. 
There can be no Fermi arcs connecting these 
coincident points. Instead, the low-energy 
polariton modes appear to connect the zero- 
momentum Dirac point with another Dirac 
point at infinite momentum. 

Surface states are intimately connected 
with anomalous conservation laws: In to- 
pological insulators, a Berry curvature gives 
rise to Hall-like currents in the bulk, and 
where these currents meet the surface, they 
donate their spin or electric charge to the 
surface states. The bulk is invisible to the 
surface states because they cannot access 
it. To the surface states, the arriving charge 
anomalously violates the conservation of 
charge or spin (9). In a Weyl semimetal, 
there are anomalies at each Weyl point 
where particles can flow to the conduction 
band from the valence band, or vice versa. 
In this case, the semimetal Fermi arcs are 
there to provide the return flow on the sur- 
face (10). It is interesting to speculate that 
a similar interpretation might be found for 
the optical surface modes. & 
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GENE REGULATION 


A HUSH for 
transgene 
expression 


A protein complex 
represses genes that insert 
into heterochromatin 


By Thijn R. Brummelkamp! 
and Bas van Steensel” 


he introduction of an extra gene 

into a genome—transgenesis—is 
frequently used as an experimen- 

tal approach to study gene function 

but also has applications in biotech- 
nology and gene therapy efforts. In 
mammalian cells, transgenes are often in- 
tegrated in a random manner leading to 
variable levels of expression, with differ- 
ences as great as three orders of magnitude 
depending on the integration site (7). The 
complications of unpredictable levels of 
transgene expression are well recognized, 
but the mechanisms leading to variable 
expression are poorly understood. On page 
1481 of this issue, Tchasovnikarova et al. (2) 
determine that a protein complex silences 
extra genes that are inserted into hetero- 
chromatin, regions of compacted DNA. 
This represents a new aspect of gene regu- 
lation that depends on chromatin context. 
The prevailing thought is that the local 
chromatin environment at the site of trans- 
gene integration affects its activity. Gene 
introduction in the fly Drosophila mela- 
nogaster and other model organisms can 
lead to heterogeneous expression levels, re- 
ferred to as position-effect variegation. In 


white gene 


Inversion places the 
white gene close to 
heterochromatin 


position-effect variegation, the transgene is 
thought to be silenced as a result of spread- 
ing of heterochromatin from neighboring 
sequences into the transgene (see the first 
figure). It remains unclear to what extent 
this relates to transgene silencing in mam- 
mals, and whether transgenes are silenced 
through multiple mechanisms or a domi- 
nant process operational at many different 
genomic locations. 

Tchasovnikarova et al. took a genetic ap- 
proach to identify regulators of transgene 
silencing in human cells, using a retrovirus 
to integrate the transgene into the genome. 
Random integration of a green fluores- 
cent protein (GFP) reporter transgene into 
the human cell line resulted in cells with 
highly divergent GFP expression levels. 
The authors purified the subpopulation of 
cells with very low GFP expression, which 
they presumed was the result of transgene 
repression. To identify proteins responsible 
for this repression, they subjected these 
cells to random mutagenesis. Here, a key 
trick was the choice of human KBM7 cells as 
a model system (3): These cells are almost 
completely haploid, and hence a single mu- 
tation in a gene can have a profound effect 
because there is no second copy of the gene. 
Tchasovnikarova et al. collected the mutant 
cells in which GFP was thus reactivated 
and used high-throughput sequencing to 
identify the mutated genes. 

This approach identified genes encod- 
ing the proteins SET domain, bifurcated 
1 (SETDB), transgenic activation repres- 
sor (TASOR), M-phase phosphoprotein 8 
(MPP8), and periphilin. Through biochem- 
ical approaches, the authors found that 
the latter three proteins form a complex 
dubbed the human silencing hub (HUSH). 
This complex in turn interacts with SETDB1 
(see the second figure). Thus, the results of 
the genetic screen nicely dovetailed with 
biochemical data. 

Previously, all three HUSH subunits, 
among numerous other factors, were 


Classic position-effect variegation. An early observation in Drosophila involved a chromosomal inversion in which 
an active eye color gene (white) is brought into close proximity to a heterochromatic chromosomal region, leading to 
repression of white by the spreading of heterochromatin into the gene. 
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Transgene repression by HUSH. Viral genome integration into the host cell genome results in transgenes that are variably expressed. The HUSH complex, with SETDB1, is 


important for transgene repression. Genomic regions harboring inactive transgenes are characterized by high amounts 0 


identified in protein complexes that rec- 
ognize trimethylated lysine 9 of histone 
H3 (H3K9me3) (4). Histones form the es- 
sential packaging proteins of chromatin, 
and H3K9me3 has been implicated in the 
formation of heterochromatin. MPP8 has 
a chromodomain, a protein domain that 
binds to H3K9me3, suggesting a possible 
mechanism by which HUSH is targeted 
to chromatin. Indeed, Tchasovnikarova 
et al. show that the binding of TASOR to 
chromatin and H3K9me3 peptides was 
dependent on MPP8, which required its 
chromodomain for transgene repression. 
Nevertheless, in the absence of other 
HUSH subunits, periphilin could still bind 
to chromatin, indicating that it could inde- 
pendently assist in maintaining the HUSH 
complex bound to the transgene. 

Interestingly, SETDB1 is an enzyme 
that trimethylates H3K9. By binding to 
H3K9me3 and recruiting SETDB1 as a mod- 
ifier for the same mark, the HUSH complex 
shows mechanistic similarities to the well- 
studied complex of the chromodomain 
protein heterochromatin protein 1 (HP1), 
which also binds to H3K9me3, as well as 
to a H3K9 trimethyltransferase called sup- 
pressor of variegation 3-9 [SU(VAR)3-9 in 
Drosophila]. These factors have been im- 
plicated in PEV, and the positive feedback 
loop that they form is thought to enable 
spreading of heterochromatin along the 
same DNA strand (5). 
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Why are only certain transgenes sub- 
jected to the HUSH silencing mechanism 
and others not? Comparison of the genomic 
integration sites of repressed and active 
transgenes revealed a striking pattern: The 
reporter gene was silenced most strongly 
when inserted into genomic regions cov- 
ered by H3K9me3. In some instances, con- 
stituents of the HUSH complex were also 
found at these sites prior to transgene in- 
sertion. A mechanistic implication of these 
findings is that the silenced transgenes 
probably do not recruit the HUSH complex 
autonomously, but instead are “invaded” 
by HUSH, SETDBI1, and H3K9me3 that are 
already present at the insertion site, simi- 
lar to the previously observed spreading 
of other types of heterochromatin along a 
DNA strand. 

Because many different protein com- 
plexes repress genes, it is somewhat un- 
expected that the HUSH complex affects 
the majority of repressed transgenes. This 
could mean that the HUSH complex covers 
a relatively large fraction of the genome. 
Genome-wide chromatin maps of HUSH 
occupancy may address this further. 

These results show an interesting con- 
trast with the well-studied silencing of 
retrovirus integrations in embryonic stem 
cells (6). In this case, specific elements in 
the viral DNA are recognized by sequence- 
specific DNA binding factors, which in 
turn recruit a silencing complex containing 
SETDBI1, HPI, and another protein called 
tripartite motif-containing 28 (TRIM28) 
[also known as Kriippel associated box 
(KRAB)-associated protein-l (KAP1)]. 
HUSH repression in KBM7 cells does not 
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f the H3K9me3 histone mark. Me, methylation. 


require KAP1 or HPI. Thus, silencing of 
foreign DNA can be carried out through 
distinct complexes that may each act in cer- 
tain cell types. Given that HUSH repressed 
transgenes in three tested human cell lines, 
it will be interesting to learn more about 
its division of labor with other silencing 
mechanisms across human cell types. 

PEV has also been observed in mice, and 
large-scale mutagenesis has identified the 
gene products involved (7, 8). These include 
mouse homologs of TASOR and SETDBI1, 
but remarkably also of SU(VAR)3-9 and 
KAPI, indicating that at least in some cases 
the different protein complexes may col- 
laborate. However, it is unclear whether 
this occurs broadly, because only a single 
mouse locus exhibiting PEV was stud- 
ied. Tchasovnikarova et al. elegantly opti- 
mized their screen for the identification of 
broadly acting factors by using a polyclonal 
population of cells carrying a repressed re- 
porter gene integrated at many positions. It 
appears that the HUSH complex is a widely 
active repressor complex that was not stud- 
ied much before, but now appears to have 
a major role in somatic transgene silencing 
in diverse mammalian contexts. ™ 
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The living element 


Radium played an important, but often forgotten, 
role in life sciences research in the early 20th century 


By Helen Anne Curry 


f anything in the world is alive, is not 
radium alive?” asked the physician and 
journalist C. W. Saleeby in 1906. Writing 
at the height of a radium craze that swept 
across Europe and America in the early 
20th century, Saleeby was one of many 
observers who connected radium and radio- 
activity to the mysteries of life. Physicists 
advanced a vitalized language of 
atomic change, referring to the 
“birth” of atoms and the “evolu- 
tion” of elements. Many people 
speculated, often wildly, on the 
potential vitalizing effects of 
radium on plants, animals, and 
people, while biologists took up 
experiments meant to reveal 
that very capacity. Metaphorical 
and material couplings of ra- 
dium and life abounded. These 
couplings—and the curious, 
marvelous, and mostly forgot- 
ten scientific investigations that 
emanated from them—are the 
subject of the historian Luis A. 
Campos’s fascinating history of 
radium and its uses in biological 
experimentation. 

Consider the Cambridge 
physicist John Burke, who, in 1905, an- 
nounced that he had produced bacteria-like 
growths by dropping a piece of radium salt 
into a test tube filled with beef bouillon. 
Burke dubbed the tiny formations “radiobes.” 
Although he acknowledged that they were 
unlike any known living creature, he felt that 
they nonetheless fell “within the realm of bi- 
ology.” He speculated that the radiobes might 
be a kind of proto-life, something from which 
life as we know it had once arisen. Burke and 
his radiobes sparked a media frenzy. Many 
scientists were less sanguine about these ex- 
periments and found reasons to dismiss both 
the importance of the radiobes and Burke’s 
interpretations of the nature of life—but not 
before he had opened the conceptual door to 
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a new experimental approach to study the 
historical origin of life. 

Other experimentalists working at the 
“radium-life nexus” took the application of 
radium in new directions, attempting to solve 
still other conundrums of biological change 
and bringing myriad physical concepts to 
bear on biological questions in the process. 
The botanist Daniel MacDougal incorporated 
radium into his experimental studies of evo- 


Plants treated with radium (right) appear to dwarf untreated plants (left). 


lution in 1904. He hoped that the transmut- 
ing element might prove a useful tool for gen- 
erating biological transmutation. Perhaps, he 
speculated, it would reveal how an organism 
sometimes made the leap to become a novel 
species. Later, the geneticists Thomas Hunt 
Morgan and Albert Blakeslee considered how 
radiant atoms could be used to investigate 
chromosomes and genes, the so-called atoms 
of heredity. They hoped that the biological 
effects of radium might resolve the mystery 
of evolutionary control, enabling scientists to 
generate heritable changes at will. Campos 
convincingly argues that these experiments 
with radium chased the secret of creating and 
controlling life from organism to chromo- 
some to gene and, finally, to DNA. 

By writing the story of radium back into 
the history of early genetics, Campos upends 
some of its standard tales. Take, for example, 
his account of Hermann Muller, the Nobel 
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Radium and the Secret 
of Life 

Luis A. Campos 
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Prize-winning Drosophila geneticist. Muller 
is widely held to have been the first person 
to induce mutation through radiation treat- 
ment in a series of x-ray experiments that 
he conducted in 1927. As Campos shows, it 
was Muller’s elaborate experimental proto- 
cols and effective self-promotion that helped 
him to secure this title. Previously, mutation 
had had a capacious definition, encompass- 
ing changes in organisms, chromosomes, 
and genes, but after Muller, it signified genic 
change alone. This shift rendered earlier ex- 
periments in induced mutation with radium 
invisible or irrelevant. 

Throughout the book, Cam- 
pos remains attentive to what 
he calls the “generative power 
of metaphor,” exploring routes 
by which the descriptive analo- 
gies drawn between radioactiv- 
ity and life—such as the trans- 
mutation of elements versus 
that of species or genes—were 
made material in experimental 
systems. He finds that the very 
words that scientists used to 
characterize the objects of their 
scrutiny played an important 
role in determining which meth- 
ods and tools were best suited 
for investigating these entities. 

Alive to the notion that 
metaphors are more than mere 
description, Campos turns their 
power to the practice of history, 
too, showing, in conclusion, how the meta- 
phors of radioactivity contribute to novel 
modes of historical investigation and inter- 
pretation. Rather than provide a decisive end 
point to his narrative, he traces an “asymp- 
totic process of decay” of the associations 
made between radium and life. From Cam- 
pos’s exploration of these ever-disintegrating 
residues emerge some of his most provoca- 
tive claims. For example, he proposes that 
radiation genetics and the target theory of 
genetic change might be better understood 
as “curious decay products” of earlier stud- 
ies, rather than the result of an imposition 
of physics on biology, as is often suggested. 
Handling his subject with care, and exploit- 
ing its unique properties at every turn, Cam- 
pos demonstrates radium’s capacity to reveal 
the secrets of science and history alike. 
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Best practices 
for digital 
teaching 


A handbook for the 
2\st-century educator 


By Erin Dolan 


nyone teaching a course at a uni- 

versity is likely to have a notion of 

what face-to-face teaching should 

look like through his or her expe- 

rience as a student, as a teacher, 

and through depictions in media. 
Yet as Claire Howell Major points out 
in her book Teaching Online, most of us 
do not have similar notions for online 
courses because we have little to no expe- 
rience with them. She aims to provide the 
guidance needed to envision and imple- 
ment online teaching. 

Major frames Teaching Online from 
the perspective of change, focusing on 
how teaching and learning are different 
in online environments and how faculty 
can recognize, understand, and manage 
these differences. Each chapter includes 
personal narratives from _ instructors, 
education researchers, and instructional 
designers, as well as concrete strategies 
for tackling fundamental issues in online 
teaching. 

The book’s narratives and strategies 
are grounded in educational research, 
which provides the evidence base for 
recommendations on how to assess one’s 
readiness for teaching online, establish 
an online presence, use universal design 
principles to create accessible websites, 
and establish norms in an online course. 
Extensive footnotes steer readers to addi- 
tional resources and examples. The main 
strength of the book is this integration of 
theoretical, empirical, and _ practical 
perspectives. 

Much of the book’s guidance on how to 
design and teach an online course also ap- 
plies to face-to-face teaching. For example, 
in teaching an online course, one has to 
consider how to know that students are 
learning. The same is true for face-to-face 
courses. Teaching online raises interest- 
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Compelling anecdotes and evidence-based approaches prepare educators to tackle online teaching. 


ing questions about what the “signals” 
of learning will be and how they will be 
mediated by technology. These signals 
could be reduced because we cannot see 
a student’s puzzlement or moment of un- 
derstanding, or amplified because we can 
gauge a student’s understanding from 
written responses on a course discussion 
board. One hopes that addressing these 
questions will drive faculty to question 
their ideas about learning cues in face-to- 
face environments as well. 

In general, the text favors an audience 
with some knowledge of pedagogy. How- 


“Much of the book’s guidance 
on how to design and teach 
an online course also applies 
to face-to-face teaching.” 


ever, nonspecialists should resist the urge 
to reject the book out of hand. Rather, con- 
sider following Major’s recommendation to 
read the chapters out of order. For example, 
start with chapter 1 for an overview of the 
changes inherent to teaching online, skip 
to chapters 4 to 6 for information about 
course planning and intellectual property, 
review chapters 7 to 12 for discussion of 
cross-cutting themes such as time manage- 
ment and communication, and end with 
chapters 2 and 3 for a more rarefied discus- 
sion of teaching and learning. 
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Education faculty are likely to engage 
in the kind of reflection on teaching and 
learning that this book aims to encourage. 
The real opportunity is to reach beyond this 
group to disciplinary faculty, such as sci- 
entists, mathematicians, engineers, social 
scientists, and humanists. Yet, disappoint- 
ingly few of the narratives are authored by 
faculty outside of education or technology. 
This is the main limitation of the book. 

Many studies and multiple meta-analy- 
ses (Summarized in chapter 3) have shown 
that students in online courses realize the 
same, if not better, outcomes as compared 
to students in face-to-face courses. This 
means that we can move beyond the debate 
of whether teaching online is good or bad, 
to how to do it well. In other words, what 
instructional strategies, patterns of interac- 
tion and engagement, and supporting facili- 
ties are necessary and sufficient for students 
to learn? Addressing these questions in the 
process of developing and implementing 
online courses may be a powerful catalyst 
for promoting broader teaching change. 
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Applying antibiotics 
lessons to antivirals 


READING THE PERSPECTIVE “Combating 
emerging viral threats” by E. Bekerman 
and S. Einav (17 April, p. 282), I was 
struck by the call for broad-spectrum 
antiviral drugs, given the recognition of 
the problems caused by broad-spectrum 
antibacterial drugs (7) and the recent 
clarion calls for precision medicine (2). 
“One drug, one bug” antibiotics, along 
with appropriate point-of-intervention 
diagnostics, would mitigate the spread of 
drug resistance. The same is likely to be 
true for antivirals. 

Furthermore, “one drug, multiple bugs” 
(broad-spectrum) antibiotics damage the 
highly diverse populations of bacteria 


in and on our body. These microbiota 

are becoming increasingly appreciated 

as critical for health. Damage to the gut 
microbiota, particularly during early 
development, has lasting negative conse- 
quences for maturation and function of 
the immune and central nervous systems 
(3). The gut microbiota similarly harbor 
viral components important for health 
(4). Broad-spectrum antivirals are likely to 
damage these viral components of our gut 
microbiota. 

Today’s slow and expensive drug devel- 
opment process pressures industry to 
seek one drug for multiple bugs. However, 
efforts to manage viral infections, as for 
bacterial infections, should not focus on 
broad-spectrum agents but on technology 
platforms that allow the discovery, devel- 
opment, manufacturing, and regulatory 
approval of multiple precision antiviral 
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agents, each targeting only one bug. 
Such drugs could be developed, produced, 
and approved expeditiously and cost- 
effectively, as the world has managed to 
achieve effectively for annual influenza 
vaccines in most years. 

David W. Martin Jr. 


AvidBiotics Corporation, South San Francisco, CA 
94080, USA. E-mail: dmartin@avidbiotics.com 
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Response 

The main arguments against broad- 
spectrum therapies presented by Martin 
are based on the pitfalls of this approach 
with antibiotics. However, the spread of 
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resistance in bacteria to which Martin 
refers is not directly applicable to viral 
resistance. Bacteria can spread antibiotic 
resistance either vertically by passing 

the antibiotic resistance genes to new 
generations or horizontally by sharing 

or exchanging antibiotic resistance genes 
through gene transfer mechanisms 
between even distantly related species 
(1). In contrast, the evolution of drug 
resistance within viruses is governed by 
their intrinsically error-prone replication. 
Hence, the likelihood that a virus develops 
resistance to a broad-spectrum agent 

is comparable to that of developing 
resistance to a therapeutic targeting a 
single virus. We therefore disagree with 
the statement that precision medicine for 
antivirals would mitigate the spread of 
drug resistance. Broad-spectrum host- 
targeted approaches with higher genetic 
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barriers to resistance offer a more feasible 
approach to limiting antiviral resistance 
than do precisely targeted antivirals. 

The prior antibiotic efforts have saved 
millions of lives to date. They are likely 
a major contributor to the markedly 
extended life span in developed countries 
over the past century. Thus, while the 
overuse and misuse of antibiotics warrant 
scrutiny, the emergence of resistance is not 
an indication that this strategy failed. 

Understanding of the virome and its 
role (both beneficial and detrimental) in 
human disease is in its infancy (2). We 
agree with Martin that broad-spectrum 
antiviral therapies may affect the human 
virome. Nevertheless, this potential 
concern needs to be offset by the tremen- 
dous cost and difficulty of developing 
drugs targeting individual viruses. The 
biggest success story in the past decade 
has been the development of targeted 
antivirals against hepatitis C virus (HCV). 
However, it took many billions of dollars 
and more than a decade to achieve this, 
and drug access has now become a major 
challenge (3). HCV is a single virus. The 
list of emerging and reemerging viruses 
that represent major threats to global 
health keeps increasing. More than 11,000 
individuals died from the recent Ebola 
outbreak, and a greater number of patients 
die from dengue and other emerging viral 
infections every year. Therefore, as we 
wrote in our Perspective, we advocate com- 
bining specific development approaches 
with broad-spectrum approaches to enable 
global health protection and national secu- 
rity readiness more rapidly. 

We too recognize the value of precision 
medicine (4). Nevertheless, the need for 
novel antivirals is broad and urgent. We 
should therefore not let precision medi- 
cine distract from lower-cost and effective 
population-wide interventions (5). 

Elena Bekerman and Shirit Einav* 
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China legitimizes 
ivory, again 


IN THE PAST, the Chinese ivory industry 
was licensed to purchase a certain quota of 
ivory on the grounds of “the inheritance of 
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traditional ivory arts.” Rather than helping 
to slow the decline of elephant populations, 
the policy served as a permanent protec- 
tive umbrella for the illegal ivory trade (J). 
Unfortunately, there are no plans to change 
the situation for the better. On 11 May 2015, 
the China State Forestry Administration 
announced that 34 enterprises were autho- 
rized to produce ivory products, and 130 
enterprises were certified for ivory trading. 
The count is down from 37 and 145 (2), 
respectively, in 2013, but the decrease will 
not change the effect of the policy. Once 
again, the Chinese government has legiti- 
mized ivory trade in China. 

China has attempted to regulate the ivory 
trade through franchise and collection cer- 
tificate systems for ivory products, but to no 
avail. As long as some ivory is legal, even arti- 
ficial ivory may not help; traders can claim 
that illegal ivory is artificial to regulators and 
that artificial ivory is authentic to buyers, 
thereby increasing total ivory trade and has- 
tening the extinction of African elephants (3). 
Classifying even a portion of authentic ivory 
as legitimate may result in misinformation 
for consumers regarding illegal ivory trading. 
An inquiry conducted by the International 
Fund for Animal Welfare indicates that more 
than 70% of the Chinese public is unaware 
that ivory is acquired at the cost of elephant 
slaughter (4) or that much of the revenue 
supports terrorist groups (4). 

The European Union and the United 
States, both as contracting parties of the 
Convention on International Trade of 
Endangered Species, have already banned 
the import of commercial ivory products. We 
call on the Chinese government to likewise 
ban international and commercial trade with 
a firmer hand, in order to stem the excessive 
consumption of ivory products and protect 
African elephants. 

Jingi Zhan and Qiang Weng* 
College of Biological Sciences and Biotechnology, 
Beijing Forestry University, Beijing 100083, China. 
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Comment on “Global diversity and 
geography of soil fungi” 
Christopher W. Schadt and Anna Rosling 
Tedersoo et al. (Research Article, 28 


Published by AAAS 


November 2014, p. 1078) present a 
compelling study regarding patterns of 
biodiversity of fungi, carried out at a 
scale unprecedented to date for fungal 
biogeographical studies. The study 
demonstrates strong global biogeographic 
patterns in richness and community 
composition of soil fungi. What concerns 
us with the study is what we do not see. 
Unfortunately, this study underestimates 
the fungal diversity of one key group of soil 
fungi due to reliance on a single primer 
with known flaws. 

Full text at http://dx.doi.org/10.1126/science. 
aaa4269 


Comment on “Number-space mapping 

in the newborn chick resembles humans’ 
mental number line” 

Madhur Mangalam and Shraddha Madhav 
Karve 

Rugani et al. (Reports, 30 January 3015, 

p. 534) tested 3-day-old domestic chicks 
using an innovative experimental setup and 
demonstrate the presence of the mental 
number line. We raise concerns regarding 
this conclusion by highlighting the possible 
loopholes in the experimental design and the 
data analysis procedures. We further suggest 
auxiliary experiments that can substantiate 
the authors’ claim. 

Full text at http://dx.doi.org/10.1126/science. 
aaa8577 


Comment on “Number-space mapping 

in the newborn chick resembles humans’ 
mental number line” 

Christopher Harshaw 

Rugani et al. (Reports, 30 January 2015, p. 
534) presented evidence that domestic chicks 
employ a “mental number line.” I argue that 
the hypothesis testing used to support this 
claim unjustifiably assumes that domestic 
chicks are unbiased when choosing between 
identical stimuli presented to their left and 
right. 

Full text at http://dx.doi.org/10.1126/science. 
aaa9565 


Response to Comments on “Number- 
space mapping in the newborn chick 
resembles humans’ mental number line” 
Rosa Rugani, Giorgio Vallortigara, Konstantinos 
Priftis, Lucia Regolin 

Mangalam and Karve raise concerns 

on whether our results demonstrate a 
mental number line, suggesting auxiliary 
experiments. Further data analyses show 
that their methodological concerns are not 
founded. Harshaw suggests that a side bias 
could have affected our results. We show that 
this concern is also unfounded. 

Full text at http://dx.doi.org/10.1126/science. 
aabOO002 
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Comment on “Global diversity and 
geography of soil fungi” 


Christopher W. Schadt’” and Anna Rosling® 


Tedersoo et al. (Research Article, 28 November 2014, p. 1078) present a compelling 
study regarding patterns of biodiversity of fungi, carried out at a scale unprecedented to 
date for fungal biogeographical studies. The study demonstrates strong global biogeographic 
patterns in richness and community composition of soil fungi. What concerns us with the 
study is what we do not see. Unfortunately, this study underestimates the fungal diversity 
of one key group of soil fungi due to reliance on a single primer with known flaws. 


he internal transcribed spacer (ITS) region 

of the ribosomal RNA (rRNA) operon has 

been a de facto barcode for fungal taxonomy 

and ecology for 25 years since seminal pub- 

lications by White et al. (1) and Gardes et al. 
(2). Although these primers have been valuable 
for describing fungal diversity both taxonomically 
and ecologically, unfortunately like almost any 
single primer set, they cannot capture all diversity 
in the fungal kingdom in an unbiased fashion. 
Tedersoo et al. (3) correctly acknowledge in the 
main text that the Tulasnellaceae and Microspo- 
ridia will not be amplified with their chosen prim- 
er set. They have also taken considerable care to 
include variants of the forward ITS3 primer to 
increase the representativeness of amplicon pools 
and describe these variants in their supplemen- 
tary materials. However, it was previously shown 
by Rosling e¢ al. (4), in the paper describing this 
new class (Archaeorhizomycetes) and cited by 
Tedersoo et al., that the ITS4 reverse primer has 
at least two mismatches to all known species in 
the class. These mismatches have been shown to 
result in at least a 10-fold underrepresentation of 
Archeaorhizomycetes in artificial communities using 
known DNA template amounts from isolates (5), 
and as a consequence other taxa in the artificial 
community also appeared to be more abundant 
than they were. 
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The Archaeorhizomycetes are a widespread, 
highly diverse, and ancient class of the Asco- 
mycota documented in more than 100 studies 
of soil fungal communities (6). These fungi were 
first identified from 28S rRNA gene sequences 
from tundra soils in 2003 (7) and subsequently 
shown to be globally distributed in soil rRNA 
gene studies by Porter et al. (8) and expanded 
upon by Rosling et al. (4) and Menkis et ai. (6). 
Using perfectly matched large subunit primers, 
Archaeorhizomycetes are shown to be dominant 
in many soils, typically comprising >10% of rRNA 
gene sequences recovered (8) and in one case 
>90% (9). In another specific example, Taylor 
and co-workers (10) performed extensive studies 
of soil fungal communities in Alaska using primers 
unbiased against amplification of Archaeorhizo- 
mycetes. In Alaska, at least 53 putative species- 
level operational taxonomic units (OTUs) of 
Archaeorhizomycetes could be identified, with 
diversity ranging from 2 to 25 OTUs per sample. 
Several of these putative species-level groups 
were among the most abundant OTUs across 
Alaska (J7) and comprised at least 5% of the 
species richness of Alaskan soil fungal commu- 
nities. In their current study, Tedersoo and col- 
leagues identify only two OTUs belonging to the 
Archaeorhizomycetes in one out of two Alaskan 
sites studied, and thus Archaeorhizomycetes are 
reported in their paper to represent only ~0.3% 
of the fungal diversity in arctic tundra samples. 
In contrast, previous reports of alpine and arctic 
tundra samples revealed >10% overall relative 
abundance of the Archaeorhizomycetes class when 


suitable primers were used (7, 17). It should also 
be noted that as all studies of rRNA gene diversity 
are inherently semiquantitative (based on rela- 
tive abundances), a likely 10-fold underestima- 
tion of diversity and abundance of the class 
Archaeorhizomycetes would affect the ratios 
of other functional and phylogenetic classes. 
Tedersoo et al. specifically discuss the patterns 
of Archaeorhizomycete diversity and abundance 
at the global scale in several instances within the 
paper but do not acknowledge the likely bias 
created by mismatched polymerase chain reac- 
tion (PCR) primer. Thus, Archaeorhizomycetes 
are not low-diversity, low-abundance soil fungi 
as described in (3), but in fact quite the opposite. 

Although it is apparent that the authors used a 
single ITS4 primer variant to facilitate inclusion 
of the barcode tag sequences for multiplexing 
samples, this is no longer necessary because meth- 
ods now exist for adding barcode tags after am- 
plification (12). With the rapid advancement in 
parallelization and throughput of samples enabled 
by current sequencing technologies, the use of 
multiple primer sets or primer variants is achiev- 
able and advisable. The biases of PCR primers for 
studies of “unknown” organisms in bacterial and 
fungal ecology have been widely reported, and the 
continued reliance on single primer sets and var- 
iants for such studies compromises our under- 
standing of the diversity and biogeography of 
microorganisms. It is also incumbent upon mi- 
crobial ecologists to interpret patterns conserva- 
tively, especially given known biases. 
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Comment on “Number-space 
mapping in the newborn chick 
resembles humans’ mental 


number line” 


Madhur Mangalam” and Shraddha Madhav Karve” 


Rugani et al. (Reports, 30 January 3015, p. 534) tested 3-day-old domestic chicks using an 
innovative experimental setup and demonstrate the presence of the mental number line. 
We raise concerns regarding this conclusion by highlighting the possible loopholes in the 
experimental design and the data analysis procedures. We further suggest auxiliary 
experiments that can substantiate the authors’ claim. 


mpirical evidence supports the possibility 
that humans represent numbers along a 
mental number line (MNL) in ascending 
order from left to right (7). The origin of 
this MNL, however, is contentious. Inter- 
specific comparison of numerical competence 
among humans and nonhuman animals suggests 
a continuous and nonverbal representation of 
numbers (2). Rugani et al. (3) tested the existence 
of the MNL in 3-day-old domestic chicks. An ini- 
tial training phase involving a reward association 
with a certain number was followed by a test 
phase in which the same subjects are challenged 
by a number smaller or larger than the one used 
for training. The authors concluded that the sub- 
jects associated smaller numbers with the left 
space and larger numbers with the right space 
during the test phase. Additionally, this bias 
was displayed according to the relative magni- 
tude of the challenge and was not an absolute 
bias toward a certain number. 
Experiment 1 tested 15 subjects with numbers 
“9” and “8” after training with “5,” and experi- 
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ment 2 tested 12 subjects with numbers “8” and 
“32” after training with “20.” In both experi- 
ments, half of the subjects were tested for the 
smaller number first, and the other half were 
tested for the larger number first (five trials each). 
The results are shown to be independent of the 
order of testing; thus, the authors consider each 
of the 2 x 5 = 10 trials to be independent. 

There are confounds that possibly violate the 
assumption of the 10 trials to be independent. 

Several studies have demonstrated that young 
chicks show lateral biases at spatial tasks (4-6). 
Any such bias is likely to be exaggerated as an 
artifact when the same subject is used repeat- 
edly. Simply put, 70% of 15 subjects x 5 trials— 
that is, ~53 out of 75—is significant (binomial test 
with hypothetical probability of success = 0.5; 
P < 0.001), but 70% of 15 subjects x 1 trial—that 
is, ~11 out of 15—is not (binomial test, P = 0.119). 
One can argue that if such bias exists, it will 
manifest in the second set of trials as well, with 
the subject showing bias inconsistent with the 
MNL. However, once the chicks associate the 
smaller number 2 with the left space (which is 
not unlikely after five consecutive trials), just 
changing the stimulus to 8 can result in a move 
toward the right space, possibly because of the 


discrepancy in the association and the novelty 
factor (6). The same can also be true for the group 
of subjects challenged with the larger number 
stimulus 8 in the first place. Thus, the assump- 
tion of the 10 trials being independent is 
objectionable. 

Moreover, the data on chicks choosing either 
the left or the right space follows the binomial 
distribution; the use of the Mann-Whitney U test 
is likely to be erroneous. Although according 
to the Mann-Whitney U test, the two data sets: 
(6, 6, 6, 6, 6, 6, 6, 6, 6, 6) and (5, 5, 5, 5, 5, 5, 5, 5, 5, 5) 
are different (U = 0; df = 19; P < 0.001), they are 
not different according to a binomial test (bi- 
nomial test: 60/100; P = 0.060). For the same 
reason, studies on manual asymmetries in non- 
human primates use binomial zg scores to exam- 
ine individual-level biases; the z test is then used 
to examine population-level biases (7). 

The concerns we have raised suggest that the 
evidence for the presence of the MNL in chicks 
might be insufficient currently. 

In addition to the existing set of experiments, 
we would like to suggest a parallel set of ex- 
periments involving a blank panel. Apart from 
substantiating the current findings, these exper- 
iments will give a clue to the presence of zero in 
the MNL. Train the chicks with a blank panel 
and then test them with number panels; in an- 
other experiment, train the chicks with a number 
panel and then test them with blank panels. If 
one assumes the absence of the concept of zero 
in chicks, there should be no bias in either ex- 
periment, which would support the findings of 
Rugani et al. (3). However, a strong bias in these 
experiments will substantiate the authors’ claim, 
with a startling proposition that chicks have 
some parallel to zero in the MNL. 
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Rugani et al. (Reports, 30 January 2015, p. 534) presented evidence that domestic chicks 
employ a “mental number line.” | argue that the hypothesis testing used to support this 
claim unjustifiably assumes that domestic chicks are unbiased when choosing between 
identical stimuli presented to their left and right. 


ugani et al. (1) presented evidence in sup- 

port of the claim that domestic chicks 

(Gallus gallus domesticus) employ a “men- 

tal number line” similar to that used by 

most, but not all, humans. This Comment 
will focus on a critical flaw in the study’s design 
and statistical analysis. I argue that Rugani et ai. 
failed to measure, model, or control for the sig- 
nificant side biases displayed by precocial birds, 
including the domestic chicks used in their study 
(2-9). 

Precocial chicks possess highly lateralized brains 
and, consequently, show strong motor and per- 
ceptual biases (J0)—biases often more extreme 
than human analogs (e.g., pseudoneglect). For 
example, chicks show significant bias for turning 
left at the intersection of a T maze (4, 6, 9, 11), in 
addition to task-dependent preferences for foot 
and eye use (2, 3, 5). Such biases are sculpted by 
normally occurring pre- and perinatal experi- 
ence, including both differential exposure of the 
hemispheres to audiovisual stimulation prenatal- 
ly (4, 7, 11, 12) and the repetitive turning move- 
ments necessary for chicks to successfully hatch 
from the egg (6, 9). As a consequence, as many as 
67 to 90% of domestic chicks display significant 
side biases in tasks requiring a locomotor re- 
sponse (4, 6, 9). 

Side biases are less consequential in exper- 
iments involving choice between nonidentical 
stimuli, because counterbalancing can be used to 
distribute error stemming from such bias be- 
tween stimuli and competing hypotheses. In con- 
trast, in designs involving choice between identical 
stimuli presented to the left and right of the 
subject, such as employed by Rugani et al., side 
biases require far closer attention, as the problem 
of dissociating side bias from experimental effect 
becomes central to the ability to draw meaningful 
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conclusions. There are several acceptable ways of 
accomplishing this. One is to provide independent 
trials in which bias is measured (e.g., a series of 
trials similar, although not identical, to testing, 
covering the range of stimuli in the study) and 
correcting for bias on a chick-by-chick basis. An- 
other approach is to test a more sophisticated 
model that includes a bias parameter, as is com- 
mon in many operant paradigms involving choice 
[e.g., 13)]. Finally, the null hypotheses tested could 
be adjusted to reflect the average bias in a par- 
ticular population. In the latter case, a result would 
be declared significant only if it exceeded this 
average expected bias. 

None of these approaches were taken by Rugani 
et al., who instead relied on single-sample t tests 
evaluated against a null hypothesis of 0.5 (50% 
left, 50% right) for all of their key comparisons. 
As noted previously, there is nevertheless a strong 
a priori reason to expect motor and perceptual 
biases under the conditions used in this study 
[e.g., (4, 6, 9)]. Evidence of side bias is also de- 
tectable in Rugani et al. For example, the aver- 
age absolute deviation from 50/50 responding 
across all 10 trials for each chick was 12.7% + 
1.1%, indicating that most chicks exhibited some 
degree of bias (¢ = 11.5, P < 0.00001). If the con- 
servative approach of adjusting the null hypo- 
theses tested to reflect the average absolute bias 
displayed by chicks in each experiment (i.e., 
testing a chance-plus-bias model) were taken, a 
significant difference would have been found 
only for the small numerosity trial of experiment 
3b (t = 2.12, P < 0.03) and large numerosity trials 
of experiments 2, 3a, and 3c (¢ = -2.61, P < 0.02; 
t = -3.66, P < 0.002; and ¢ = -1.79, P < 0.05, 
respectively; one-tailed testing). 

If a stricter bias criterion were applied—for 
example, >70% choices on a single side, then 
60% of chicks (9 out of 15) in experiment 1 and 
34.4% of chicks across all experiments exhibited 
bias. Theoretically, this would not present a se- 
rious challenge to the conclusions of the study if 


such biases were symmetrical around a mean of 
0.50 and affected both major hypotheses equally. 
With respect to the first consideration, the ma- 
jority of chicks (63.6%) that met the stricter bias 
criterion (i.e., ='70%) exhibited rightward bias. 
Considering all subjects, the average proportion 
of choices made to the right across all exper- 
iments was 0.522 + 0.019, indicating a similar, 
albeit weaker bias (¢ = -1.147, P = 0.26). This bias 
was largest in experiment 3a, in which the 
proportion of choices to the right was 0.571 + 
0.037—a borderline significant difference from 
0.5 (t = -1.92, P = 0.081). Did bias affect both 
hypotheses equally? Figure 1 displays the per- 
centage of chick choices to the left and right on 
small and large trials, respectively, plotted both 
against the absolute value of chick bias (A and B) 
and side bias relative to predicted outcomes (C 
and D). As can be seen, the absolute value of 
chick bias appears to have significantly influ- 
enced the outcome on small (r = -0.277, P < 0.03) 
but not large (r = -0.042, P = 0.742) trials (upper 
panels), whereas the direction of bias correlated 
significantly with predicted outcomes on both 
trial types (lower panels). 

The foregoing analyses demonstrate that there 
was unaccounted bias in Rugani et al. that dif- 
ferentially affected the study’s two major pre- 
dictions. That is, rightward bias likely inflated 
chick performance on large numerosity trials and 
interfered with chick performance on small nu- 
merosity trials. Given that there is no choice test 
between identical stimuli presented to the left 
and right of a domestic chick in which significant 
bias would not be expected a priori, the hypo- 
theses tested by Rugani et al. are closer to sta- 
tistical “straw men” than empirically meaningful. 
Both the training that chicks underwent before 
testing and the logic of the series of experiments 
are irrelevant to this consideration. Nevertheless, 
it should be noted that the analyses presented 
here are by no means ideal, given that the mea- 
sures of bias employed are necessarily confounded 
by any experimental (i-e., training-induced) effect 
present. 
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Fig. 1. An illustration of the 
effects of side bias on the two 
predicted outcomes of the 
study. The choice of “left” on 
small numerosity trials (A and C) 
and the choice of “right” on large 
numerosity trials (B and D). In (A) 
and (B), the x axis depicts the 
absolute value of chick bias (i.e., 
the absolute value of 0.5 minus the 
proportion of choices made to 
the left). In (C) and (D), the x axis 
depicts the strength of side bias 
relative to the predicted direction. 
An asterisk indicates a significant 
Pearson's correlation. As can be 
seen, the absolute value of chick 
bias appears to have had a sig- 
nificant effect on the outcome of 
small but not large numerosity 
trials [(A) and (B)], whereas the 
direction of chick bias correlates 
strongly with predicted outcomes 
on both trial types [(C) and (D)]. 
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Response to Comments on 
“Number-space mapping in the 
newborn chick resembles humans’ 
mental number line” 


Rosa Rugani,»?* Giorgio Vallortigara,’ Konstantinos Priftis,” Lucia Regolin” 


Mangalam and Karve raise concerns on whether our results demonstrate a mental 
number line, suggesting auxiliary experiments. Further data analyses show that their 
methodological concerns are not founded. Harshaw suggests that a side bias could 
have affected our results. We show that this concern is also unfounded. 


angalam and Karve claim that some con- 

founds may violate the assumption of 

trials’ independency of the measures and 

criticize the use of the Mann-Whitney 

test instead of the binomial test (1). We 
have now analyzed chicks’ performance focusing 
on the first trial only, as this cannot be influ- 
enced by any previous trials. We computed the 
number of chicks that chose the left panel on the 
first trial in the small number test and the num- 
ber of chicks that selected the right panel in the 
first trial of the large number test. We applied the 
binomial test. Chicks significantly circumnavigated 
the left panel in the small number test (experiment 
1: 14/15, P < 0.01; experiment 2: 10/12, P = 0.04; 
experiment 3: 31/37, P < 0.01) and the right panel 
in the large number test (experiment 1: 12/15, P = 
0.04; experiment 2: 12/12, P < 0.01; experiment 3: 
32/37, P < 0.01). 

When, in a further analysis, we selectively con- 
sidered the first trial of the first test performed, 
chicks significantly chose the left panel in the small 
number test (experiment 1: 7/8; experiment. 2: 5/6; 
experiment 3: 16/20; overall 28/34, P < 0.01) and 
the right panel in the large number test (experi- 
ment 1: 5/7; experiment 2: 6/6; experiment 3: 13/17; 
overall 24/30, P < 0.01). 
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Mangalam and Karve pointed out that the bias 
may be related to feeding, with a preferential 
activation of the right eye (left hemisphere) at 
the population level. It should be noted that in 
the paper they quoted (2), selective lateralization 
for food discrimination and antipredatory re- 
sponses were simultaneously assessed. Note, also, 
that the opposite bias is reported in feeding tasks 
(3). Once a given number is associated with food, 
the reinforcement expectation may increase in 
front of larger numbers. Let us arbitrarily suppose 
the existence of a rightward bias because of use of 
the right eye in association with feeding during 
training. The right bias would be somewhat am- 
plified in the large number test. When chicks are 
subsequently presented with the small number 
test, the bias would turn to a left bias for some 
reason, as Mangalam and Karve advocate (namely, 
a discrepancy in the association or a novelty factor). 
Whatever the reason for the change in the bias 
between the first and second tests, there would 
be reasons to expect that such a shift involved 
only one direction (plausibly the left one, because 
of right-hemisphere involvement in response to 
novelty (4). Instead, the direction of the bias we 
found, already on the very first test, was opposite 
depending on initial training: Chicks trained on 5 
associated 8 with the right; chicks trained on 20 
associated 8 with the left. 

With reference to the experiments with zero, 
there is a problem when using a blank panel, 
namely, the change in continuous physical varia- 


bles, which would obviously be impossible to 
control. 

In sum, the alternative hypothesis suggested 
by Mangalam and Karve would at most explain 
only the data of those subjects that first un- 
derwent the “large number test.” It would not 
explain the preferential choice of the left side for 
the “small number test,” in particular when this 
was the first test administered. 

Harshaw considers crucial the role of side 
biases displayed by individual chicks (5). He com- 
putes an index of bias that could be negative 
(leftward bias), positive (rightward bias), or equal 
to 0 (absence of any bias). The overall bias in our 
sample (mean = 0.02; SE = 0.02; t = 1.15; P = 0.26) 
demonstrates Harshaw’s concerns to be unfounded. 
In his comment, Harshaw averaged the absolute 
values of left and right biases, resulting in an 
overall bias cumulating left and right tendencies 
as if all chicks had a rightward bias. Correlations 
reported in his figure 1 (5) are misleading, as ab- 
solute values are represented along the 2 axis. 

Concerning Harshaw’s “stricter bias” (arbitrarily 
fixed at “='70% choices on a single side”), his claim 
that it “would not present a serious challenge to 
the conclusions of the study if such biases were 
symmetrical around the mean of 0.50” is rhetor- 
ical. Harshaw in fact fails to conclude that of the 
22 chicks displaying the bias (34.40% of the 64 
subjects), 14 subjects had a right “bias” and 8 
subjects a left “bias” (binomial test 14 versus 8, 
P = 0.29). The difference is not significant, so 
this bias could not have influenced our results. 

Overall alternative interpretations to the idea 
of a mental number line are of course yet possi- 
ble. However, up to now, our number-space map- 
ping hypothesis (6) is the only one that optimally 
fits our results. 
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Breaking 
through the 
polycarbonate 
ceiling 


any people describe the obstacles to 
women’s professional advancement 
as a “glass ceiling,’ but chemist and 
AAAS President Geri Richmond 
chooses her materials-based meta- 
phors more carefully. 

Unlike glass, which can be shattered, 
“polycarbonate is one of our most robust 
polymers, so you bounce off it,’ said Rich- 
mond, who is also a U.S. science envoy as 
well as presidential chair and professor 
of chemistry at the University of Oregon. 
Those who encounter a polycarbonate ceil- 
ing blocking career advancement must find 
creative ways around it, she added. 

A longtime leader in the effort to enhance 
diversity in the science, technology, math- 
ematics, and engineering (STEM) work- 
force, AAAS is continuing to help women 
and other underrepresented groups tran- 
scend the polycarbonate ceiling, guided by 
Richmond and other members of the AAAS 
leadership team, including Shirley Malcom, 
director of AAAS Education and Human 
Resources (EHR). Malcom, who this month 
received the UCLA Medal in part for her 
efforts to diversify the science community, 
serves as co-chair of the Gender Advisory 
Board of the UN Commission on Science 
and Technology for Development and of 
Gender InSITE, a global campaign to deploy 
science and technology to help improve the 
lives and status of girls and women. 

A variety of AAAS projects currently of- 
fer early-career support for women, minori- 
ties, and persons with disabilities, through 
conferences, awards, internships, and other 
activities. Additional efforts, including a 
newly enhanced program supporting inter- 
national collaboration by women research- 
ers, are focusing on later-career needs. 

Ultimately, “our institutions must trans- 
form to support values of excellence as well 
as diversity, equity, and inclusion,’ Malcom 
said. “We need to go after the institutional 
barriers that keep women in marginalized 
positions within science, in the United 
States and beyond.” 

Describing the realization that led her to 
found COACh, a career-training and net- 
working program for women scientists and 
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While visiting Cambodia as a U.S. science envoy, 
AAAS President Geri Richmond met with girls 
learning to use tablets at the Hun Sen Anuwat School. 


engineers in the United States and develop- 
ing countries, Richmond recalled a time in 
the 1990s when she was seeing the careers 
of her women colleagues stalling unexpect- 
edly: “They were publishing, they were 
getting grants, they were keeping their re- 
search groups going, but they were hitting 
this polycarbonate ceiling. They weren’t get- 
ting the invited talks. They weren’t getting 
the distinguished lectureships. They weren’t 
getting the offers from other universities 
that you would see the men get, yet they 
were equally capable.” 

Collaborating internationally can often 
lead to new professional opportunities, but 
extended travel can be difficult for mothers 
with young children or others with fam- 
ily obligations. Through surveys and focus 
groups, the AAAS Women’s International 
Scientific Cooperation (WISC) project con- 
cluded that requiring shorter stays abroad, 
as compared to other international travel 
grants, would make international collabora- 
tions more accessible for women. 

Through a follow-up program, Mentoring 
Women in International Research Collabo- 
rations (MWIRC) in STEM, AAAS has thus 
far administered 15 grants of $20,000 each, 
with funding from the National Science 
Foundation. The program has ramped up 
in recent months, with a new travel award 
that sent two women scientists to the inter- 
national Gender Summit in Cape Town in 
April and will send 12 more participants to 
the next three Summits. 

The program has also rolled out a new 
website and is conducting webinars for 
awardees to share experiences and advice. 
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MWIRC support has made a marked im- 
pact on the career of Delaram Kahrobaei, a 
computer scientist at the City University of 
New York (CUNY), who collaborated with 
a mathematician colleague at Universitat 
Politécnica de Catalunya in Barcelona. Since 
traveling to Spain, Kahrobaei and two grad- 
uate students have published papers, estab- 
lished a seminar based on their findings, 
and given a variety of conference presenta- 
tions. In a 20 May AAAS webinar, Kahrobaei 
said that these developments contributed to 
her recent promotion to full professorship. 
CUNY “looks very favorably on interna- 
tional collaboration,” she said. 

Other AAAS activities aim to make sci- 
ence and technology careers more inclusive 
at the early-career level, such as the Entry- 
Point! internships for students with disabili- 
ties and the Emerging Researchers National 
Conference in STEM hosted by AAAS and 
the National Science Foundation. AAAS 
also administers the annual LOréal awards, 
which provide grants to women doing post- 
doctoral research. And, starting this month, 
AAAS’s Marion Milligan Mason Fund will 
provide three grants of $50,000 every other 
year to women researchers engaged in basic 
research in the chemical sciences. 

At the AAAS Annual Meeting, EHR orga- 
nizes an intergenerational networking break- 
fast for women and minority attendees, which 
includes a ceremony honoring early-career 
women scholars from developing countries 
who are receiving awards from the Elsevier 
Foundation, with The World Academy of 
Sciences and the Organization for Women 
Scientists for the Developing World. & 
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3D LITHOGRAPHY 
Complex shapes from 
chemical lithography 


Lithographic printing of semi- 
conductors builds up complex 
patterns one layer at a time. 
The process involves multiple 
steps to mask, print, and etch 
each layer. Luo et al. tweaked 
the same process used to grow 
silicon nanowires to pattern 
them into complex three- 
dimensional (3D) shapes. Gold 
acted as a catalyst to grow and 
elongate silicon nanowires from 
the vapor phase. Varying the 
pressure of the growth process 
altered the rate of gold diffusion 
along the surface of the wire. 
Upon etching the wires, the 
non-uniform coating of gold 
acted as a lithographic mask. 
The authors were thus able to 
make complex-shaped silicon 


1440 


spicules with a series of ridges 
and notches by strictly chemi- 
cal means. — MSL 

Science, this issue p.1451 


MATERIALS CHEMISTRY 

A green way to clean 

up an oil spill 

Cleaning thin films of light crude 
oil from the marine environment 
is a herculean task. Currently, 
silicone-based compounds 

are used, which can leave a 
permanent residue. Inspired by 
the natural pigments in plants, 
John et al. developed a plant- 
based oil-cleaning agent. The 
product functions as a “green” 
chemical herder to retract thin 
oil layers into a thickened mass 
suitable for recovery or burning. 
The biodegradable agent was as 
good as synthetic chemicals at 
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Evanescent modes 


of Maxwell equ 
Bliokh et al., p. 1448 


corraling oil and left no residual 
contamination. — ZHK 


Sci.Adv. 10.1126. 
sciadv.1400265 (2015) 


GENE REGULATION 
Multitasking 
around the clock 


Chronic disruption of our cir- 
cadian rhythms—for example, 
through shift work—may 
increase the risk of metabolic 
disease. Zhang et al. found that 
a multitasking transcription 
factor called Rev-erb-a regu- 
lates expression of both clock 
and metabolic genes through 
distinct mechanisms. At clock 
genes, it binds directly toa 
specific DNA sequence, displac- 
ing a competing transcription 
factor. At metabolic genes, it 
interacts not with DNA but with 
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ations 


CORAL REEFS 


Some like it hot 


oral reefs are threatened 

by increasing tempera- 

tures. Acute temperature 

increases stress and dam- 

age corals. However, more 
gradual temperature changes 
can result in adaptation and 
subsequent tolerance for higher 
temperatures. Dixon et al. show 
that the heat tolerance that 
currently exists across coral 
populations from different 
latitudes can be inherited. Thus, 
natural variation in temperature 
tolerance may facilitate rapid 
adaptation among corals as our 
climate warms. — SNV 


Science, this issue p. 1460 


other transcription factors that 
regulate metabolic gene expres- 
sion in a tissue-specific manner. 
— PAK 


Science, this issue p. 1488 


BRAIN CIRCUITS 
Looming in on the 
threat-response circuit 


What are the neural elements 
that transmit threat-relevant 
inputs in the brain? Shang et al. 


Avoidance path 


a aN 
identified in the brain ~~ 


i 
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systematically identified the key 
neuronal subtypes in the mouse 
superior colliculus underlying 
active avoidance and defensive- 
like behaviors. They found a 
pathway that responded to loom- 
ing objects, linking input from the 
retina to the fear center in the 
brain. — PRS 

Science, this issue p. 1472 


DERMATOLOGY 
B12 boosts acne 
via the microbiota 


Low doses of vitamin B12 
supplements can help acne, 
but in higher doses the same 
supplement can cause acne 
flare-ups. Why? Kang et al. show 
that transcriptional changes 
in the resident microbes of the 
skin enhance B12-induced acne. 
Supplementing patients with the 
vitamin reduced the expres- 
sion of B12-synthesis genes in 
Propionibacterium acnes. This 
altered the transcriptome of the 
skin microbiota, driving produc- 
tion of inflammation-inducing 
porphyrins. — ACC 

Sci. Transl. Med. 7,293ral03 (2015). 


STRUCTURAL BIOLOGY 


An RNA seed poised 


to meet its target 
The CRISPR-Cas system in 
prokaryotes precisely identi- 
fies infecting parasitic DNAs 
and viruses and destroys them. 
The CRISPR-Cas system has 
been adapted for facile genome 
editing, heralding a new age in 
molecular biology. Jiang et al. 
show that the Cas9 nuclease 
adopts a distinct confirmation 
when it binds to the targeting 
guide RNA. The guide RNA then 
assumes a preordered shape. 
This RNA “seed region” is thus 
poised to initiate recognition of 
the DNA target sequence. — GR 
Science, this issue p. 1477 


PHOTOSYNTHESIS 
Protection from 
too much light 


Photosynthetic organisms 
protect themselves from too 


SCIENCE sciencemag.org 


much light using pigment 
photoswitches that absorb 
excess energy. Leverenz et al. 
analyzed the structure of an 
active, energy-dissipating form 
of the orange carotenoid protein 
(OCP) from a cyanobacterium. 
When activated by excess light, 
OCP moves its hydrophobic 
carotenoid pigment 12 A within 
the protein to accommodate 
nonphotochemical quenching 
by the broader photosynthetic 
antenna complex. — NW 
Science, this issue p. 1463 


CLIMATE CHANGE 
Walking back talk of the 
end of warming 


Previous analyses of global 
temperature trends during 
the first decade of the 21st 
century seemed to indicate 
that warming had stalled. This 
allowed critics of the idea of 
global warming to claim that 
concern about climate change 
was misplaced. Karl et al. now 
show that temperatures did not 
plateau as thought and that the 
supposed warming “hiatus” is 
just an artifact of earlier analy- 
ses. Warming has continued at 
a pace similar to that of the last 
half of the 20th century, and the 
slowdown was just an illusion. 
—HJS 

Science, this issue p. 1469 


APPLIED OPTICS 
Getting around the 


capacity crunch 


The growing appetite for 
an ever-faster Internet and 
enhanced long-haul commu- 
nication requires the pumping 
of more light down optic fibers. 
However, light-induced nonlin- 
earities limit how much light 
can be pumped into the fiber 
without compromising the sig- 
nal. This limitation has led to the 
prospect of a “capacity crunch.” 
Temprana et al. eliminated 
the effects of nonlinearity by 
using digital back-propagation 
methods with mutually coher- 
ent laser pulses from a single 
frequency comb. — ISO 

Science, this issue p. 1445 


IN OTHER JOURNALS 


HUMAN GENETICS 


Edited by Sacha Vignieri 
and Jessse Smith 


Animal domestication 
altered the human diet 
and may have done the 

same to our genome 


Cultural imprints on the human genome 


s modern humans and society evolved, animal husbandry 

and farming changed the way humans eat. Valente et al. 

investigated how differences in diet may have played a 

role in human evolution. Examining the genetics of African 

populations with different modes of subsistence, as 
compared to Europeans, the authors identify selection on gene 
variants postulated to be adaptive for different diets. However, 
the degree to which these signals are associated with diet, 
rather than other environmental factors and evolutionary forces, 
requires further study. This highlights the difficultly of identify- 
ing how human culture has affected our genome. — LMZ 


BMC Genet. 10.1186/s12863-015-0212-1 (2015). 


DNA BINDING 
Asex-determining 
interaction 

Across much of the animal 


kingdom, DMRT proteins 
are involved in regulating 


Published by AAAS 


sexual development. In humans, 
DMRT1 both activates a male 
sex-determining gene and deac- 
tivates female sex-determining 
genes. Murphy et al. report a 
crystal structure showing three 
DNA binding DM domains, 
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EMBRYO DEVELOPMENT 
BMP mophogens direct 
growth and fate 


As shown in classic fate- 
mapping studies, tissues and 
organs arise from specific 
regions of the embryo. Work 
over the past few decades has 
identified molecular players 
directing this choreographed 
development. Bone morphoge- 
netic proteins (BMPs) and their 
antagonists establish domains in 
developing embryos. Bier and De 
Robertis review historical events 
for key discoveries in this area. 
They go on to lay out the current 
understanding of how diffusible 
morphogens form gradients 
to subdivide germ layers into 
distinct territories and organize 
body axes, regulate growth, 
and maintain stem cell niches. 
— BAP 

Science, this issue p. 1443 


HEART DEVELOPMENT 
Making cardiomyocytes 


In the heart, multiple cell 

types work together. Cardiac 
progenitor cells give rise to 
cardiomyocyte, endothelial, 

or smooth muscle lineages. 
However, the identity of a marker 
specific to cardiomyocyte 
formation has been elusive. Jain 


et al. now ident 
progenitor pop 
committed exc 


ify a specialized 
ulation that is 


ing cardiomyocytes. They also 


identify the nic 
promote lineag: 


he signals that 
e commitment 


and the mecha 


in making cardiomyocytes. The 


nisms involved 


findings may help in the devel- 


opment of futu 
regenerative th 


re cell-based 
erapeutics for 


heart disease. — BAP 


Science, this issue p. 1444 


OPTICS 


A quantum twist 


on classical 


optics 


Interpreting recent experimen- 


tal results of lig 


ht interactions 


with matter shows that the 
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usively to form- 


classical Maxwell theory of 

light has intrinsic quantum spin 
Hall effect properties even in 
free space. Complex effects in 
condensed-matter systems can 
often find analogs in cleaner 
optical systems. Bliokh et al. 
argue that the optical sys- 

tems exhibiting such complex 
phenomena should also be 
simpler (see the Perspective by 
Stone). Their theoretical study 
shows that free-space light has a 
nonzero topological spin Chern 
number and thus should have 
counterpropagating surface 
modes. Such modes are actually 
well known and can be described 
as evanescent modes of Maxwell 
equations. — ISO 


Science, this issue p. 1448; 
see also p. 1432 


HIGH-PRESSURE PHYSICS 
Driving liquid 

deuterium into metal 
Quick and powerful com- 
pression can force materials 

to change their properties 
dramatically. Knudson et al. 
compressed liquid deuterium 
to extreme temperatures and 
pressures using high-energy 
magnetic pulses at the Sandia 
Z-machine (see the Perspective 
by Ackland). Deuterium began 
to reflect like a mirror during 
compression, as the electrical 
conductivity sharply increased. 
The observed conditions for 
metallization of deuterium and 
hydrogen help us to build theo- 
retical models for the universe's 
most abundant element. This 

a our understanding of the 
internal layering of gas giant 
planets such as Jupiter and 
Saturn. — BG 


Science, this issue p. 1455; 
see also p. 1429 


MARINE SULFUR CYCLE 
Sourcing the smell 


of the seaside 

Marine phytoplankton plays a 
critical role in the global sulfur 
cycle. Algae, for instance, are 
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the main source of the aromatic 
compound dimethylsulfide 
(DMS) released from the oceans 
into the atmosphere. Alcolombri 
et al. identified the lyase enzyme 
responsible for DMS production 
in the bloom-forming marine 
phytoplankton Emiliania 

huxleyi (see the Perspective 

by Johnston). The presence 

of this gene in other globally 
distributed phytoplankton and 
corals suggests that it may serve 
as a reliable indicator of DMS 
production across diverse phyla. 
Because DMS gets oxidized 

to sulfur aerosols, which act 

as cloud condensation nuclei, 
this enzyme is a key global 
biogeochemical catalyst. — NW 


Science, this issue p. 1466; 
see also p. 1430 


GENE SILENCING 
Keeping quiet one 
gene at a time 


Chromosomal DNA comes in 
two flavors—euchromatin, which 
contains most of the expressed 
genes, and heterochromatin, 
which usually remains quiet. 

But what keeps genes within 
heterochromatin silent? 
Tchasovnikarova et al. examined 
the basis for this type of silenc- 
ing in mammalian cells (see the 
Perspective by Brummelkamp). 
They identified a complex of 
proteins in human cells they 
called HUSH that kept particular 
parts of the genome silent by 
changing associated histone 
methylation marks. — SMH 


Science, this issue p. 1481, 
see also p. 1433 


RNA BIOCHEMISTRY 


Unwinding RNA for 
protein synthesis 


During the first steps of protein 
synthesis, the small subunit 

of the ribosome scans the 5' 
end of the mRNA, looking for 
the protein start codon. This 
process involves one of the 
translation initiation factors, 
elF4A, which helps to remove 
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any RNA structures that might 
impede the ribosome’s search. 
Garcia-Garcia et al. used single- 
molecule optical trap assays to 
show that elF4A, in combina- 
tion with two other translation 
initiation factors, is able to 
continuously and directionally 
unwind a double-stranded RNA 
hairpin. The factors unwound 
RNA in steps roughly equal to 
a turn of the RNA double helix. 
—GR 

Science, this issue p. 1486 


SYNTHETIC ECOLOGY 
More than the sum 
of its parts 


How do microbial strains and 
species interact and survive in 
microbial communities? The 
answer may help scientists to 
devise biotechnological proc- 
esses; e.g., for creating biofuels 
from biomass. In a Perspective, 
Fredrickson highlights recent 
insights into the cooperative 
mechanisms that help microbial 
communities to thrive. Different 
species often share the work 

of producing essential com- 
pounds such as amino acids. 
Cooperating cells can evolve 

to outcompete cheaters that 
exploit such common goods 
without reciprocation. Spatial 
organization is also important; 
for example, in helping mixed 
biofilms to resist antimicrobi- 
als. — JFU 


Science, this issue p. 1425 


MICROBIOTA 


Benefits of breastfeeding 
Dietary changes that boost good 
microflora in our gut are of great 
health interest, but it is unclear 
how to best sculpt this micro- 
bial community to our benefit. 
Ina Perspective, Hinde and 
Lewis take an evolutionary view 
of the infant gut microbiome 
and breastfeeding for insights 
into optimizing interventions. 
Bifidobacterium is the major 
microbial clade in the healthy 
infant gut. These bacteria 
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metabolize the oligosaccharides 
most prevalent in human milk, 
generating byproducts that aid 
the developing gut and immune 
system. Natural selection may 
have favored the coevolution 
of human milk and a healthy 
gut microbiota in response to 
regimes that exerted pressure on 
immunity and digestion — LDC 
Science, this issue p. 1427 


DRUG DISCOVERY 
Finding better 
immunosuppressants 


The immunosuppressant cyclo- 
sporin A (CsA) prevents organ 
rejection in transplant patients. 
CsA inhibits the phosphatase 
calcineurin and prevents the 
activation of the NFAT transcrip- 
tion factors, both of which are 
required for T cell proliferation. 
However, CsA also prevents 
calcineurin from binding to other 
targets, leading to many side 
effects. Matsoukas et al. identi- 
fied compounds that displaced 
NFAT from calcineurin-NFAT 
complexes without inhibiting the 
activity of the phosphatase. Four 
of these compounds blocked the 
expression of NFAT target genes 
and inhibited the proliferation of 
human CD4* T cells, and may be 
good leads for further testing as 
immunosuppressants. — JFF 

Sci. Signal. 8, ra63 (2015). 
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systematically identified the key 
neuronal subtypes in the mouse 
superior colliculus underlying 
active avoidance and defensive- 
like behaviors. They found a 
pathway that responded to loom- 
ing objects, linking input from the 
retina to the fear center in the 
brain. — PRS 

Science, this issue p. 1472 


DERMATOLOGY 
B12 boosts acne 
via the microbiota 


Low doses of vitamin B12 
supplements can help acne, 
but in higher doses the same 
supplement can cause acne 
flare-ups. Why? Kang et al. show 
that transcriptional changes 
in the resident microbes of the 
skin enhance B12-induced acne. 
Supplementing patients with the 
vitamin reduced the expres- 
sion of B12-synthesis genes in 
Propionibacterium acnes. This 
altered the transcriptome of the 
skin microbiota, driving produc- 
tion of inflammation-inducing 
porphyrins. — ACC 

Sci. Transl. Med. 7,293ral03 (2015). 


STRUCTURAL BIOLOGY 


An RNA seed poised 


to meet its target 
The CRISPR-Cas system in 
prokaryotes precisely identi- 
fies infecting parasitic DNAs 
and viruses and destroys them. 
The CRISPR-Cas system has 
been adapted for facile genome 
editing, heralding a new age in 
molecular biology. Jiang et al. 
show that the Cas9 nuclease 
adopts a distinct confirmation 
when it binds to the targeting 
guide RNA. The guide RNA then 
assumes a preordered shape. 
This RNA “seed region” is thus 
poised to initiate recognition of 
the DNA target sequence. — GR 
Science, this issue p. 1477 


PHOTOSYNTHESIS 
Protection from 
too much light 


Photosynthetic organisms 
protect themselves from too 
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much light using pigment 
photoswitches that absorb 
excess energy. Leverenz et al. 
analyzed the structure of an 
active, energy-dissipating form 
of the orange carotenoid protein 
(OCP) from a cyanobacterium. 
When activated by excess light, 
OCP moves its hydrophobic 
carotenoid pigment 12 A within 
the protein to accommodate 
nonphotochemical quenching 
by the broader photosynthetic 
antenna complex. — NW 
Science, this issue p. 1463 


CLIMATE CHANGE 
Walking back talk of the 
end of warming 


Previous analyses of global 
temperature trends during 
the first decade of the 21st 
century seemed to indicate 
that warming had stalled. This 
allowed critics of the idea of 
global warming to claim that 
concern about climate change 
was misplaced. Karl et al. now 
show that temperatures did not 
plateau as thought and that the 
supposed warming “hiatus” is 
just an artifact of earlier analy- 
ses. Warming has continued at 
a pace similar to that of the last 
half of the 20th century, and the 
slowdown was just an illusion. 
—HJS 

Science, this issue p. 1469 


APPLIED OPTICS 
Getting around the 


capacity crunch 


The growing appetite for 
an ever-faster Internet and 
enhanced long-haul commu- 
nication requires the pumping 
of more light down optic fibers. 
However, light-induced nonlin- 
earities limit how much light 
can be pumped into the fiber 
without compromising the sig- 
nal. This limitation has led to the 
prospect of a “capacity crunch.” 
Temprana et al. eliminated 
the effects of nonlinearity by 
using digital back-propagation 
methods with mutually coher- 
ent laser pulses from a single 
frequency comb. — ISO 

Science, this issue p. 1445 


IN OTHER JOURNALS 


HUMAN GENETICS 


Edited by Sacha Vignieri 
and Jessse Smith 


Animal domestication 
altered the human diet 
and may have done the 

same to our genome 


Cultural imprints on the human genome 


s modern humans and society evolved, animal husbandry 
and farming changed the way humans eat. Valente et al. 
investigated how differences in diet may have played a 


role in human evolution. Exa 


mining the genetics of African 


populations with different modes of subsistence, as 
compared to Europeans, the authors identify selection on gene 
variants postulated to be adaptive for different diets. However, 


the degree to which these signals 


are associated with diet, 


rather than other environmental factors and evolutionary forces, 
requires further study. This highlights the difficultly of identify- 
ing how human culture has affected our genome. — LMZ 


BMC Genet. 10.1186/s12863-015-0212-1 (2015). 


DNA BINDING 
Asex-determining 
interaction 

Across much of the animal 


kingdom, DMRT proteins 
are involved in regulating 
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sexual development. In humans, 
DMRT1 both activates a male 
sex-determining gene and deac- 
tivates female sex-determining 
genes. Murphy et al. report a 
crystal structure showing three 
DNA binding DM domains, 
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A methyl donor can 
reduce an addict's urge 
for ever more cocaine 


each comprising a zinc binding 
module followed by a recogni- 
tion helix, bound to target DNA. 
Recognition helices from two 
domains lie antiparallel in a 
widened major groove. They 
find that DMRT1 can bind as a 
dimer, trimer, or tetramer in vitro 
and in vivo, with DNA sequence 
and shape dictating the binding 
mode. A mutation that causes 
male-to female sex reversal in 
humans reduces binding affinity 
and interferes with the bind- 
ing stoichiometry of wild-type 
DMRT1. — VV 

Nat. Struct. Mol. Biol. 22,442 (2015). 


MICROBIOLOGY 
How bladder cells kick out 


unwelcome intruders 


The bladder epithelium acts 

as the front line of the uri- 

nary defense system against 
microbial infection. Miao et 

al. examined urine samples 
from humans and mice and 

the extracellular medium of 
cultured bladder epithelial cells 
after infection by uropathogenic 
Escherichia coli. Remarkably, 
they found numerous viable 
bacteria encased in host-derived 
membrane-bound vesicles. 
Intracellular bacteria were 
initially taken up by autopha- 
gosomes and targeted to 
lysosomes. The bacteria raised 
the normally low lysosomal pH, 
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. 
raw 


which might be expected to 
protect them from lysosomal 
degradation. However, the blad- 
der cells sensed the neutralized 
lysosomes and exocytosed 
them, expelling the membrane- 
encased bacteria. The bacteria 
were thus incapable of rein- 
fection, and the bladder cells 
defended against their unwel- 
come visitors. — SMH 

Cell 161, 1306 (2015). 


PHYSICS 
Seeing single fermions in 
optical lattices 


Peeking directly into quantum 
matter as it undergoes phase 
transitions at low temperature 
has long been a goal of con- 
densed-matter physicists. This 
intimate view was made possible 
by atomic physicists, who 
visualized individual atoms of 
®’Rb in optical analogs of 
solid-state systems: optical 
lattices. But the relevant particle 
insolid-statesystemsisanelectron— 
a fermion—whereas an atom of 
®’Rb is a boson. Visualizing single 
fermionic atoms in optical lattices 
presented considerable technical 
challenges; now, Cheuk et al., 
Parsons et al., and Haller et al. 
have achieved this goal using 
two different atomic species 
(fermionic °K and ®Li) and two 
different cooling techniques. It is 
expected that these works will 
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enable insight into the many- 
body behavior of fermions. — JS 


Phys. Rev. Lett. 114, 193001; 213002 
(2015); arXiv:1503.02005. 


ANALYTICAL CHEMISTRY 
A faster way to weigh 
electrode products 


It's becoming increasingly con- 
venient to measure the mass of 
chemical compounds. Whereas 
mass spectrometry used to 
require intricate preparation, 
several current implementations 
can weigh molecules straight 
from a sample in open air. Brown 
et al. have now adapted one such 
technique to study the short-lived 
initial products of electrochemi- 
cal oxidation reactions. Their 
apparatus incorporates a spin- 
ning platinum electrode that 
accumulates a thin film of the 
reaction medium on its surface. 
Application of voltage then gener- 
ates charged products in that 
film that can be swept into the 


Fermonic *°K atoms on a densely 
filled optical lattice 


Published by AAAS 


Anew way to reduce drug seeking 


elapse is a serious problem for many individu- 
als trying to recover from addiction. Because 
DNA methylation regulates neural functions 
associated with synaptic plasticity, learning, 
and memory, Wright et al. investigated its 
role in sensitization to cocaine and reinstatement 
to cocaine and associated cues. A methy! donor, 
L-methionine, reduced behavioral sensitization to 
the locomotor-activating and drug-seeking effects 
of chronic cocaine use. L-methionine also blocked a 
cocaine-induced marker of neuronal activation after 
reinstatement in the nucleus accumbens and the 
medial prefrontal cortex, two brain regions respon- 
sible for drug seeking and relapse. — PRS 


J. Neurosci., 35, 8948 (2015). 


mass spectrometer within tens of 
milliseconds. The authors apply 
the technique to identify diimine 
intermediates in both uric acid and 
xanthine oxidations. — JSY 


J.Am. Chem. Soc. 10.1021/ 


jacs.5b03862 (2015). 
EDUCATION 
APORTAAL to active 
learning 


The shift from traditional lectures 
to active learning continues in sci- 
ence education. Eddy et al. report 
on the Practical Observation 
Rubric To Assess Active Learning 
(PORTAAL), a new assessment 
tool designed to help teach- 
ers implement active learning 
activities. A thorough review 
of the discipline-based educa- 
tion research literature led to 
the identification of 21 readily 
implemented elements shown to 
increase relevant learning goals 
with undergraduate students, 
which are now easily evaluated 
using PORTAAL. After only 5 
hours of training, teachers can use 
PORTALL to measure how their 
teaching practices and classrooms 
align with research-supported 
best practices for active learning. 
Additionally, PORTAAL provides 
feedback and guidance to instruc- 
tors, allowing them to improve 
their pedagogy. — MM 

CBE Life Sci. Educ. 14, ar23; 10.1187/ 

cbe.14-06-0095 (2015). 
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REVIEW SUMMARY 


EMBRYO DEVELOPMENT 


BMP gradients: A paradigm for 
morphogen-mediated 
developmental patterning 


Ethan Bier* and Edward M. De Robertis* 


BACKGROUND: Classic embryological studies 
showed that diffusible factors (morphogens) 
influence cell fate during dorsal-ventral (DV) 
axis patterning. Subsequently, mathematical an- 
alyses applied reaction-diffusion equations in 
a theoretical framework to model how stable 
gradients of morphogenetic factors might be 
created in developing cell fields, according to 
the laws of physical chemistry. This work sug- 
gested mechanisms by which such gradients 
form and are read in a threshold-dependent 
fashion to establish distinct cellular responses. 
As highlighted in this Review, these pioneering 
experimental and intellectual insights laid the 
groundwork for more recent studies that have 
elucidated the mechanisms by which morpho- 
gen gradients are generated and stabilized by 
molecular feedback circuits. 


ADVANCES: The molecular players involved 
in early DV patterning uncovered over the past 
two decades constitute a highly conserved co- 


hort of extracellular factors that regulate bone 
morphogenetic protein (BMP) signaling. A key 
insight was the identification of the homolo- 
gous proteins Short gastrulation (Sog) and 
Chordin as BMP-binding proteins in Drosophila 
and Xenopus 20 years ago. Since then, anal- 
ysis of this patterning system has led to dra- 
matic advances in our understanding of the 
molecular mechanisms regulating early DV axis 
specification. Elements of this pathway include 
secreted BMP ligands and BMP antagonists, 
as well as extracellular metalloproteinases that 
cleave and inactivate BMP antagonists. Iden- 
tification of these and other accessory proteins 
provided strong support for the proposal that 
an inversion of the DV axis had occurred be- 
tween arthropods and vertebrates. Analysis 
of how these components are deployed in an 
array of species with divergent developmental 
strategies has deepened our understanding 
of this ancestral DV patterning biochemical 
pathway. These comparative studies have 


Conserved BMP-mediated patterning of the DV axis. Gradients of proteins in vertebrates (left: 
blue Chordin stain) and invertebrates (left: red/yellow Sog stain) initiate patterning along the DV axis. 
These gradients are then read to establish distinct zones of gene expression within the central 
nervous system (right: dpp, yellow; msh, red; ind, green; vind, blue). 


SCIENCE sciencemag.org 


shed light on the broader question of a how 
a conserved core pathway can be modified 
during evolution to accommodate different 
forms of embryogenesis while maintaining 
common output effector functions. In ad- 
dition, advances in computational analysis 
have provided the necessary tools to ana- 
lyze BMP-mediated signaling in quantita- 
tive terms and have provided important 

insights into how this 
patterning process is in- 
Read the full article tegrated with cell prolif- 
at http://dx.doi. eration and tissue growth. 
org/10.1126/ One such insight is the 
science.aaa5838 identification of expand- 
i aceseenetea Meant iceatearde rs Gaucivas Peniawone and 
Sizzled), which are secreted molecules typical- 
ly produced at the low end of a gradient that 
stabilize the ligand, scaling the gradient to the 
growth of tissues. 


OUTLOOK: An important unanswered ques- 
tion is how morphogen gradients form and 
function reliably in the face of intrinsic signal- 
degrading processes to achieve consistent 
developmental patterning and growth. One 
testable hypothesis, based on the “wisdom of 
crowds” concept, that may shed light on this 
challenging problem is that several indepen- 
dent features of morphogen gradients can be 
read in parallel by cells and can also serve as 
inputs to an array of feedback modules that 
integrate instantaneous levels of signaling, per- 
form time averaging of signals, and act locally 
to coordinate signaling between neighboring 
cells. A consensus-based estimate of the rela- 
tive position of a cell may be reached by de- 
ploying multiple parallel feedback modules. 
In addition, it will be important to determine 
the roles of mechanisms, such as free or fa- 
cilitated diffusion in the extracellular space; 
exosomes; and cytonemes in morphogen gra- 
dient function. Understanding the mechanisms 
by which morphogen-mediated patterning sys- 
tems evolve to maintain key elements of 
overall body design while allowing for a 
marked diversity in the spatial deployment 
of various subsets of signaling components 
is another compelling challenge. Such studies 
should better illuminate the precise nature 
of highly constrained developmental pro- 
cesses and delineate more fluid features of 
the networks that permit remodeling of core 
components to meet the specialized selec- 
tive needs of particular organisms. These 
future studies should refine and strengthen 
one of the best paradigms for understanding 
development. @ 
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Bone morphogenetic proteins (BMPs) act in dose-dependent fashion to regulate cell fate 
choices in a myriad of developmental contexts. In early vertebrate and invertebrate 
embryos, BMPs and their antagonists establish epidermal versus central nervous system 
domains. In this highly conserved system, BMP antagonists mediate the neural-inductive 
activities proposed by Hans Spemann and Hilde Mangold nearly a century ago. BMPs 
distributed in gradients subsequently function as morphogens to subdivide the three 
germ layers into distinct territories and act to organize body axes, regulate growth, 
maintain stem cell niches, or signal inductively across germ layers. In this Review, we 
summarize the variety of mechanisms that contribute to generating reliable developmental 
responses to BMP gradients and other morphogen systems. 


major question in developmental biology 

is how information provided in a fertilized 

egg can trigger the chain of events leading 

cells in the embryo to adopt different de- 

velopmental fates and to do so with great 
reliability. Classic fate-mapping studies revealed 
that cells in different regions of the embryo pre- 
dictably give rise to specific tissues or organs. But 
how is this diversification of cell potential achieved 
in a self-regulating system? Hans Spemann ad- 
dressed this question by conducting a series of 
illuminating experiments in which he trans- 
planted tissue fragments between donor and 
recipient amphibian embryos of different pig- 
mentation. Most transplants resulted in the cells 
adopting the fate of the surrounding cells of the 
recipient (for example, neural plate or epider- 
mis). However, embryos that received a graft of 
the dorsal blastopore lip, which Spemann later 
named the organizer, developed a twinned (or 
secondary) body axis, indicating that there was 
something special about this region (Fig. 1, A 
and B). An important question raised by these 
early embryological experiments (7), which was 
subsequently addressed by Spemann’s graduate 
student Hilde Mangold, was how did the trans- 
planted organizer tissue lead to such whole-scale 
reprogramming of the embryo? Did the trans- 
planted cells change fate to give rise to different 
cells comprising the full duplicated axis or did 
they alter the behavior of neighboring recipient 
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cells? By using pigmented and unpigmented am- 
phibian eggs as donors and hosts, Mangold dem- 
onstrated that unpigmented donor dorsal tissue 
gave rise to notochord in the duplicated axis, as 
it would ordinarily do in an undisturbed embryo 
(2) (Fig. 1B). However, ectodermal derivatives, 
including the central nervous system (CNS), were 
derived from host tissue, which suggested that 
the transplanted mesoderm cells produced sig- 
nals that redirected the developmental trajecto- 
ries of adjacent host cells. Subsequent “tissue 
sandwich” experiments (in which ectodermal cells 
were brought into contact with various mesoder- 
mal derivatives) revealed that these hypothetical 
diffusible signals capable of inducing a secondary 
neural axis were elaborated by dorsal mesodermal 
cells. These signals were termed “neural-inducing” 
factors. Spemann received the Nobel Prize for 
medicine in 1935. Tragically, Hilde Mangold died 
in a kitchen stove accident in 1924 and so was 
not recognized for her research. 

In the early 1990s, vertebrate neural-inducing 
signals produced by Spemann’s organizer were 
identified and found to act by inhibiting the bone 
morphogenetic protein (BMP) signaling pathway. 
Parallel studies in the fruitfly similarly identified 
conserved BMP signaling elements essential for 
patterning the dorsal-ventral (DV) axis [reviewed 
in (3, 4)]. Together, these breakthroughs estab- 
lished a paradigm for studying diffusible devel- 
opmental signals. 


Morphogens 


The British mathematician Alan Turing, who 
cracked the Nazi Enigma code during World 
War II and later developed the theoretical frame- 
work for computers, proposed that information 
to generate complex anatomical structures might 
be provided by the diffusion of hypothetical sub- 


stances he called “morphogens” (5). Turing for- 
mulated a general partial differential equation 
to quantitatively describe the changes in the con- 
centration of a morphogen over time (Fig. 1C): 
Following Fick’s law of diffusion, this equation 
states that the change in morphogen concentra- 
tion (C) over time (8¢) is proportional to its dif- 
fusion rate (D) and to the second derivative in 
space of the morphogen concentration (VC). In 
addition, the change in morphogen concentration 
is a function (F) of all of the chemical reactions it 
undergoes (e.g., synthesis, degradation, and asso- 
ciation or dissociation with other proteins such 
as antagonists). 

From this initial insight, many reaction-diffusion 
computer models have been derived to explain 
the behavior of developing systems. Francis Crick 
considered a special case in which one group of 
cells (the source) secretes a factor that diffuses 
into adjacent regions (the sink), where it is either 
counteracted or degraded (6) (Fig. 1E). Crick pro- 
posed that this so-called adjacent source-sink 
configuration can create concentration gradients 
of the morphogen, whose shapes remain stable 
over time. These gradients could then exert var- 
ious effects on developing cells. Another key ad- 
vance was the realization that a pair of morphogens 
composed of an activator and an inhibitor can 
generate stable patterns (7), provided that they 
originate from the same source and that the in- 
hibitor is more diffusible (Fig. 1D). The activator 
turns on its own production and also the synthesis 
of the inhibitor, which in turn represses the ac- 
tivator. Stable patterns result because the inhib- 
itor diffuses faster than the activator, turning it 
off in the periphery. It is amazing that these power- 
ful mathematical frameworks for understanding 
long-range reaction-diffusion of morphogens were 
offered at a time when the chemical nature of not 
even a single morphogen was known. Many of 
these principles have now been confirmed by the 
BMP/Dpp and Chordin/Sog morphogenetic sys- 
tem (see below). 


French flag model 


Lewis Wolpert suggested a simple visually evoc- 
ative idea, often referred to as the “French flag 
model,” for how a morphogen gradient can sub- 
divide a field of otherwise equivalent cells into 
distinct regions (8) (Fig. 1F). In this model, mor- 
phogens act in a threshold-dependent fashion 
to control expression of distinct sets of genes in 
broad zones, each domain corresponding to a 
fixed range of morphogen level. These primary 
response genes in turn specify particular cell 
fates (e.g., transcription factors) or trigger sec- 
ondary patterning events by signaling to adja- 
cent domains (e.g., secreted signals). Important 
mechanistic questions for such models are how 
cells detect abrupt threshold levels of the mor- 
phogen and then how they execute distinct re- 
sponses in a coherent fashion. One general feature 
of many primary response genes that helps re- 
solve borders is cross-inhibition between factors 
produced in neighboring domains. Although such 
reciprocal inhibitory interactions can act as a 
toggle switch to convert smooth gradients into 
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sharp on-off responses, it remains to be determined 
how given thresholds are accurately read from in- 
dividual to individual and how “salt-and-pepper” 
responses are avoided along borders within a 
given embryo. As discussed in more detail below, 
several additional homeostatic mechanisms are 
likely to be at play, including: differential timing 
of gene responses; transiently acting prepatterns 
that bias cells to respond differently to a given 
level of morphogen; growth of the tissue (with 
or without corresponding changes in the length 
scale of the gradient); the ability of cells to read 
other aspects of a gradient, including its slope; 
inflections in the gradient (second derivative 
terms); integrated effects of the gradient; and 


noise, which can trigger differential signaling 
between neighboring cells at the tail end of a 
gradient. 


BMP-mediated patterning 
of the embryonic DV axis 


Two of the most noteworthy and well-studied 
examples of conservation of developmental pat- 
terning mechanisms are specification of seg- 
mental identities along the anterior-posterior 
(AP) axis by Hox genes (9) and subdivision of 
the DV axis into distinct ectodermal domains by 
graded BMP signaling (10). The notable homol- 
ogies in DV patterning were first revealed through 
comparisons of this process in Drosophila and 


Xenopus, and informative variations on this theme 
have subsequently been provided by analysis of 
a broad range of animal species (see below). 


All-or-none BMP signaling during 
Drosophila neural induction 


In Drosophila, DV patterning is initiated by a 
ventral-to-dorsal gradient of the maternally pro- 
vided morphogen Dorsal (Dl), an NF«B-related 
transcription factor that specifies mesoderm (e.g., 
somatic muscle, heart) at high levels, neuro- 
ectoderm (e.g., ventral epidermis and CNS) at 
moderate levels, and dorsal epidermis and an 
extra-embryonic tissue known as the amnio- 
serosa by its absence (77). Primary D1] response 
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Fig. 1. Morphogens. (A) Diagram of organizer graft experiment. The gray area 
indicates the ventral mesodermal location of the Spemann organizer graft that 
leads to embryos developing duplicated neural axes. Grafts of tissue taken from 
other regions of the embryo typically had little, if any, effect. (B) Transplantation 
of the dorsal mesoderm (Spemann organizer) dissected from the blastopore of 
a donor embryo into the ventral mesoderm of a host embryo results in an 
embryo with a double axis. In the induced secondary axis, the lightly pigmented 
donor cells (red arrows) generate mesodermal structures (notochord: asterisk 
and somites), whereas host tissue forms the nervous system (blue arrows). (C) 
Turing’s basic reaction-diffusion equation describing how a morphogen is 
governed by Fick's law (see text). C, morphogen concentration; tf, time; D, dif- 
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fusion rate; V°C, second derivative in space of the morphogen concentration; 
F, function. (D) Formation of a stable morphogen gradient via a reaction- 
diffusion mechanism based on two factors [activator (A) and inhibitor (1)]. The 
activator increases the level of the inhibitor, whereas the inhibitor negatively 
turns off the activator and is more diffusible than the activator. D,, diffusion 
coefficient of inhibitor; Da, diffusion coefficient of activator. (E) A source and 
sink of amorphogen can create a stable concentration gradient (as proposed 
by F. Crick). L, full length of tissue; n, number of cells; /, size of a single cell. (F) 
French flag model in which two different threshold concentrations of a 
morphogen elicit three distinct responses. [Credits: (A) redrawn from figure 
5.3 of (114); (B) figure 24 of (2); (D) figure 1 of (40); (E) figure 1 of (6)] 
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As summarized in Fig. 2A, two Drosophila 
BMP-related proteins—Decapentaplegic (Dpp, a 
BMP2/4 ortholog) and Screw (Scw, a BMP5/7 


genes in dorsal and lateral regions of the em- 
bryo include genes involved in establishing a 
gradient of BMP signaling. 
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Fig. 2. BMP patterning during neural induction 
in Drosophila and Xenopus. (A) Diagram of BMP 
signaling components in Drosophila. See text for 
details. (B) Diagram of an early blastoderm-stage 
Drosophila embryo showing subdivision of the DV 
axis into mesoderm, neuroectoderm, and epider- 
mis. (Right) A high-level BMP activity gradient in 
dorsal Dpp-expressing cells is created in response 
to an inverse Sog gradient (emanating from the 
neuroectoderm) that subdivides the epidermal 
region into amnioserosa and epidermis proper 
(thresholds Tl and T2, respectively). A low-level 
BMP gradient in the neuroectoderm helps parti- 
tion this region into the three domains expressing 
the neural identity genes msh, ind, and vnd (thresh- 
olds T3 to T5, respectively). (Left) The neural iden- 
tity genes engage in ventral-dominant repression 
wherein Vnd inhibits ind and msh and Ind inhibits 
msh. (C) Sog protein gradient viewed in cross sec- 
tion at two successive stages in the blastoderm 
embryo (left, when Sog protein is first expressed; 
right, 15 min later). (D) Stereotypical DV tissue 
types of the vertebrate body plan. (E) BMP activ- 
ity along the DV axis results from a series of direct 


protein-protein interactions between Chordin and other partners (black arrows), transcriptional regulation (blue arrows), and protein flux (red arrows). The 
entire embryo participates in forming the BMP gradient, which results from the dueling activities of the dorsal and ventral signaling centers. (F) Diagram of a 
sagittal section of a Xenopus gastrula (as proposed by P. Nieuwkoop). Brachet's cleft is the narrow cavity that separates the mesendoderm from the ectoderm, 
encircling the entire DV axis (arrows). (G) The Chordin protein gradient spans the entire DV axis. (H) Distribution of Fibronectin protein in a comparable embryo 
is uniform. (1) Chordin mRNA is transcribed only on the dorsal side. (J) Protein quantification along the DV Brachet’s cleft; the gradient forms over 2 mm. (K) 


Chordin fluorescence in radial tracings along the numbered arrows indicated in (G). [Credits: (C) figure 
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in vertebrates). Phosphorylated Mad (pMAD ~= 
vertebrate pSMAD1/5/8) complexes with a related 
cofactor Medea (~ vertebrate SMAD4), enters the 
nucleus, and activates some target genes (e.g., epi- 
dermal genes activated by binding of Mad/Medea 
complexes to cis-regulatory DNA sequences) but 
represses expression of other genes [e.g., neuronal 
genes repressed via a trimeric transcriptional com- 
plex consisting of Mad, Medea, and a zinc finger 
protein Schnurri (Shn)] (72). An important fea- 
ture of this dual action of BMP signaling is that 
activation of epidermal genes (mediated by ac- 
tivation elements) (73) requires much higher 
levels of BMP signaling (achieved only dorsally 
where BMPs are produced) than repression of 
neuronal genes [mediated by silencing elements 
(SEs)] (27, 12). 

Several extracellular proteins regulate BMP 
signaling (Fig. 2B). In the lateral neuroectoderm, 
the BMP antagonist short gastrulation (Sog = 
Chordin) is secreted. In the dorsal epidermis, 
Dpp, the metalloproteinase Tolloid (Tld), and a 
cofactor Twisted gastrulation (Tsg) are produced. 
BMP receptor subunits, Mad, Medea, Shn, and 
Scw are ubiquitously expressed, although some 
of these factors are up-regulated in specific pat- 
terns [reviewed in (/4-17)]. Dpp and Sog play 
key roles within their respective domains of ex- 
pression to stabilize epidermal versus neuroecto- 
dermal cell fates, respectively, and also to diffuse 
into adjacent domains to form gradients that 
influence patterning therein. 

The first stage of BMP patterning in the Dro- 
sophila ectoderm, analogous to vertebrate neu- 
ral induction, relies on the all-or-none effect of 
high-level BMP signaling in the dorsal epider- 
mis to repress expression of neuronal genes in that 
region. Thus, in dpp-mutant embryos, neuroblast- 
specifying genes such as those of the Achaete-Scute 
complex are ectopically expressed in the dorsal 
epidermis (18). Strong Dpp signaling also acti- 
vates expression of epidermal targets, including 
the dpp gene itself (referred to as autoactivation). 
Because BMP receptors are present throughout 
the embryo, coupled Dpp diffusion and autoacti- 
vation creates a positive-feedback loop with the 
potential for spreading Dpp expression invasively 
from the epidermis into the neuroectoderm (19). 
The BMP antagonist Sog plays a key role in pro- 
tecting the neuroectoderm from such Dpp inva- 
sion by preventing BMP signaling from reaching 
the high levels required to trigger autoactivation 
(however, graded low-level BMP signaling is like- 
ly to be present in the neuroectoderm; see below). 
BMP signals are also blocked in the Drosophila 
neuroectoderm by the transcriptional repressor 
Brinker (20). In summary, strong BMP signaling 
in the Drosophila epidermis represses expression 
of neural genes, and this effect is blocked by 
BMP antagonists in the neuroectoderm. 


Graded high-level BMP-mediated 
activation patterns the dorsal epidermis 


In addition to its all-or-none repression of neu- 
ral genes dorsally, graded high-level BMP sig- 
naling activates nested patterns of epidermal 
gene expression and partitions the dorsal region 
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into the epidermis proper (dorsolateral portion) 
and the amnioserosa (dorsal portion). This BMP 
activity gradient forms primarily in response to 
an inverse protein gradient of the BMP antag- 
onist Sog. Sog is secreted from the neuroecto- 
derm, diffuses into the dorsal region (Fig. 2, B 
and C), and binds preferentially to Dpp:Scw het- 
erodimers (the most potent BMP ligand), there- 
by blocking BMP’s access to its receptors (21). 
Creation of the Sog protein gradient (Fig. 2C), 
which is highest near the source of Sog and 
diminishes toward the dorsal midline, requires 
activity of the Tld protease (22). Tld can cleave 
and inactivate Sog (23) (and can also generate 
alternative forms of Sog; see below). Because 
Tld is expressed in dorsal cells, a classical source- 
sink configuration is established wherein Sog 
diffusing from a ventral source is degraded dor- 
sally by Tld. Tld cleavage of Sog requires bind- 
ing of Dpp:Sew, Tsg, and Sog to form a trimeric 
complex. This trimeric complex may help con- 
centrate Dpp:Scw heterodimers along the dorsal 
midline by a shuttling mechanism wherein Sog 
binding to Dpp:Scw prevents receptor-mediated 
clearance of the ligand while at the same time 
transporting Dpp:Scw dorsally. Cleavage of Sog 
by Tid then releases Dpp:Scw to signal (21, 24). 
In addition to these purely diffusion-based mech- 
anisms, which are thought to occur in the thin 
layer of perivitelline fluid between the embryo 
and surrounding vitelline membrane, there is 
evidence for endocytosis playing a role as a sink 
for Sog (22), for extracellular matrix (ECM) in- 
teractions (25-27), intracellular regulation of 
SMADs via linker phosphorylation (28), secondary 
signal-dependent augmentation of BMP signaling 
in dorsal-most cells (29, 30), and feed-forward 
cooperation between SMADs and the primary 
BMP target gene zen to regulate gene expres- 
sion in the amnioserosa (37), acting in concert 
to steepen the BMP activity gradient. 


Graded low-level BMP-mediated 
repression patterns the neuroectoderm 


A steep low-level BMP gradient is likely to form 
within the lateral neuroectoderm of the Dro- 
sophila embryo as a consequence of Dpp diffus- 
ing in from the dorsal epidermis and being bound 
and sequestered by high levels of Sog (i.e, the 
epidermis is the source of Dpp, and Sog is the Dpp 
sink in the neuroectoderm). Several types of 
Sog:Dpp complexes may contribute to a BMP sink, 
including secreted full-length Sog (preferentially 
binding Dpp:Scw heterodimers); truncated forms 
of Sog, known as “Supersog,” that bind and in- 
hibit the activity of Dpp:Dpp homodimers 
(25, 32, 33); and forms of Sog (or Supersog) that 
associate with membranes via palmitoylation of 
a type II secretion signal (34). Although this 
hypothetical BMP activity gradient has not been 
directly visualized (probably due to its very low 
levels), genetic evidence suggests that such a 
gradient plays a role in subdividing the neuro- 
ectoderm into nonoverlapping domains that give 
rise to three primary rows of CNS neuroblasts 
(35). Neuronal fates in these three domains are 
specified by so-called neural identity genes, which 


encode the homeobox proteins Vnd (ventral row- 
one neuroblasts), Ind (intermediate or medial 
row-two neuroblasts), and Msh (dorsal row-three 
neuroblasts) (Fig. 3A). Neural identity genes engage 
in a vectorial form of cross-inhibition wherein 
more ventral genes repress expression of more 
dorsal genes (e.g., Vnd inhibits rd and msh; Ind 
inhibits msh) (36) (Fig. 2B). This ventral-dominant 
chain of repression results in sharp mutually ex- 
clusive patterns of neural identity gene expression. 
Genetic analysis of BMP patterning in the 
neuroectoderm under conditions where it was 
possible to parse the effects of this morphogen 
from those of Dorsal revealed that BMPs repress 
neural identity genes in a dose-dependent fashion 
such that ind is repressed more efficiently than 
msh (35). Strong repression of ind in dorsal neuro- 
ectodermal cells near the epidermal source of 
Dpp relieves Ind-dependent repression of msh in 
a dorsal-most stripe of neuroectodermal cells. Con- 
sistent with these genetic findings, biochemical 
studies have identified SEs mediating BMP re- 
pression in cis-regulatory modules (CRMs) of the 
msh versus ind genes. Mad/Med/Shn complexes 
bind with higher affinity to an SE site in the ind 
CRM than to those in the msh CRM (37). This 
difference in binding affinities is relevant in vivo 
because replacing an msh Mad/Med/Shn bind- 
ing site with the ind site results in Dpp-dependent 
repression of msh-reporter gene expression in its 
normal neuroectodermal domain (37), providing 
a rare example of this direct mechanism in set- 
ting a threshold response to a morphogen. 
These studies show that in Drosophila, the ma- 
ternal Dl gradient is interpreted by the Dpp/Sog 
morphogens to elicit the differentiation of at least 
five ectodermal cell types: two in the epidermal 
domain that are distinguished by differing levels 
of high BMP signaling (amnioserosa and epider- 
mis proper) and three subdivisions within the 
CNS (i.e., the Vnd, Ind, and Msh domains) giving 
rise to neuroblasts in rows one through three. 


DV patterning in Xenopus 


A gradient of BMP and Chordin signaling also 
controls DV histotypes in vertebrates, coordinate- 
ly determining cell differentiation in the ecto- 
derm, mesoderm, and endoderm germ layers. 
Low BMP levels cause differentiation of ecto- 
derm to CNS, intermediate levels to neural crest, 
and high levels to epidermis. In the mesoderm, 
low BMP gives rise to notochord, at slightly higher 
levels to skeletal muscle (in segmental structures 
called somites), then kidney (each segment devel- 
ops a kidney tubule in the embryo); lateral plate 
(which gives rise to the body wall); and, at the 
highest BMP levels, to blood (Fig. 2D). DV differ- 
entiation of the endoderm is similarly regulated. 
These tissues represent the invariant body plan 
shared by all vertebrates. This raises the ques- 
tion of how many morphogen gradients exist. 
Is there one gradient per germ layer? How 
would each gradient be regulated coordinately 
so that a perfectly harmonious embryo is formed 
every time? The mechanisms involved are self- 
organizing because if blastula embryos are cut 
in half, the part containing the organizer can 
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rescale into a well-proportioned embryo, or, if 
cut sagittally, the entire missing half can regen- 
erate, forming identical twins (38). 

Because the embryo has only one chance to al- 
locate these tissue types correctly, it is not surpris- 
ing that the DV gradient is tightly regulated. The 
organizer secretes the BMP antagonists Noggin, 
Follistatin, and Chordin, and if all three are 
knocked down with morpholino oligonucleotides, 
the embryo lacks all dorsal structures (39). A large 
network of Chordin-interacting extracellular pro- 
teins has been isolated from the Xenopus embryo, 
with key supporting insights coming from zebra- 
fish genetics. Using a combination of biochemistry 
with purified proteins and embryological studies 
involving the depletion of multiple gene products 
with morpholinos and transplantation experi- 
ments, it was possible to construct the biochemical 
pathway shown in Fig. 2E (40). All of its compo- 
nents are secreted proteins that are able to directly 
interact with each other, forming feedback loops 
of activators and inhibitors synthesized by cells 
in the dorsal and ventral poles of the embryo. 

Chordin, the homolog of Sog, is a morphogen 
secreted very abundantly by the organizer. It binds 
to both dorsal (BMP2 and ADMP) and ventral 
(BMP4/7) BMPs. Tsg, which is expressed ven- 


trally, greatly facilitates the binding of Chordin 
to BMPs. Studies in zebrafish have shown that 
heterodimers of BMP2b:BMP7 can activate BMP 
signaling in the context of the embryo, whereas 
the respective homodimers do not (41). This ef- 
fect is due to the recruitment of two distinct type 
I BMP receptors and is markedly similar to Dro- 
sophila DV patterning in which Sog preferentially 
binds Dpp:Scw heterodimers, which constitute the 
most potent signaling ligands. The rate-limiting 
step in the pathway is the secreted metallopro- 
teinase Tolloid [called Xolloid-related (XIr) in 
Xenopus] that specifically cleaves Chordin at 
two particular sites, releasing active BMPs in the 
ventral side of the embryo (42). Tolloid activity is 
highly regulated. First, it is inhibited by Sizzled, 
a ventral sFRP (secreted Frizzled-related pro- 
tein) that functions as a competitive inhibitor of 
Tolloid, indirectly inhibiting BMP by stabilizing 
Chordin (43). Second, Tolloid protease activity 
is noncompetitively inhibited by BMPs that di- 
rectly bind to its noncatalytic CUB domains, ex- 
plaining the antimorphic (ow-BMP) effects of 
some mutations in Drosophila (44). Third, the 
dorsally produced Olfactomedin-related Ont-1 
adaptor bridges the binding of Chordin and 
Tolloid, facilitating Chordin degradation in the 
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Fig. 3. BMP-mediated patterning in the CNS of Drosophila and vertebrates. (A) Expression patterns 
of the neural identity genes vnd (blue), ind (green), and msh (red) in a Drosophila blastoderm embryo 
relative to the BMP (dpp, yellow) and Dorsal gradients. (B) Expression patterns of Xenopus Msx1 
(= msh), Gsh2 (= ind), and Nkx6.1 (= vnd) at the open neural plate stage relative to the BMP and Sonic 
Hedgehog gradients. [Credits: (A) modified figure lb of (115); (B) assembled from panels B (Gsh2), K 
(Nkx6.1), and L (Msx1) of figure 4 from (116)] 
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dorsal side (45). Finally, the Sizzled homolog 
Crescent acts as an inhibitor of Tolloid on the 
dorsal side (Fig. 2E). The ventral side produces 
Crossveinless 2 (CV2, also known as Bmper), an 
antagonist with BMP-binding domains similar 
to those of Chordin that does not diffuse and 
remains on the surface of the cells that produce 
it. CV2 binds Chordin/BMP with high affinity, con- 
centrating these complexes on the ventral side 
where they can be cleaved by Tolloid (46). The 
pro-BMP effects of CV2 in the Drosophila wing 
(47) may similarly be explained by the concen- 
tration of diffusing Dpp/Sog complexes in CV2- 
expression regions. 

For every action in the dorsal side, there is a cor- 
responding reaction in the ventral side. Chordin 
transcription is activated by high Nodal and low 
BMP signals. Recent work in zebrafish has shown 
that microinjection of two different animal pole 
cells with Nodal and BMP mRNA at the 128-cell 
stage is sufficient to induce a complete secondary 
axis (48). Self-organization in the Xenopus embryo 
results from the dorsal and ventral genes being 
under opposite transcriptional control: When BMP 
levels are lowered, synthesis of dorsal BMPs (ADMP, 
BMP2) is increased, and at high BMP levels, feed- 
back inhibitors such as Sizzled dampen the signal 
(and expand the gradient; see below). 

Many of the secreted proteins in the feedback 
loops of the DV pathway react directly with each 
other as imagined by Turing (5). For example, 
Tolloid and Sizzled constitute a classical activa- 
tor-inhibitor pair arising from the same cellular 
source: Xlr activates BMP signaling (indirectly, by 
degrading Chordin), which promotes Sizzled tran- 
scription, and Sizzled protein would in turn dif- 
fuse, turning off Tolloid activity in the periphery. 
The evolutionary conservation of the DV-interacting 
proteins (such as BMP/Dpp, Chordin/Sog, Tsg, 
and CV2)—on opposite sides of the embryo—in 
Drosophila and Xenopus provides molecular sup- 
port for the 1822 proposal by French naturalist 
Etienne Geoffroy Saint-Hilaire that an inversion 
of the DV body plan has taken place (49). 


The Chordin gradient 


Using an improved immunolocalization method 
it has recently become possible to visualize the 
endogenous Chordin gradient in the Xenopus 
gastrula (40). Chordin was found to diffuse with- 
in the narrow space that separates the ectoderm 
from anterior endoderm and mesoderm (Fig. 2, 
F and G). In amphibian embryos, this virtual cavity 
is called Brachet’s cleft (in honor of the Belgian 
embryologist). However, all vertebrate embryos 
have an ECM containing fibronectin and other 
proteins between the ectoderm and mesoderm. 
Therefore, Brachet’s cleft is not an amphibian- 
specific structure. Confocal optical sections reveal 
a smooth gradient of Chordin, extending from the 
organizer to the ventral side through this ECM 
(Fig. 2, G, J, and K). Chordin protein diffuses far 
from the Spemann organizer cells in which it is 
transcribed (Fig. 21). The Chordin morphogen 
gradient extends over a distance of 2 mm (the 
Xenopus gastrula has a diameter of 1.3 mm) in 
this signaling highway between the ectoderm and 
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endomesoderm (Fig. 2, J and K). The Chordin 
gradient rescales in bisected embryos, and a sec- 
ond long-distance gradient is seen emanating 
from Spemann organizer grafts (40). Chordin pro- 
tein must reach very high concentrations in the 
confines of Brachet’s cleft. From this ECM, Chordin 
protein could pattern both the ectoderm and 
the mesoderm; for example, causing CNS induc- 
tion in the overlying ectoderm. 

During gastrulation the germ layers undergo 
extensive morphogenetic movements, and cells 
might read their positional information directly 
from the Chordin/BMP gradient contained in 
the Brachet’s cleft ECM. The gradient would be 
generated by the facilitated diffusion of Chordin 
from the organizer to regions of lower concentra- 
tion (carrying with it BMPs made in more dorsal 
regions) and the sink provided by its degradation 
by Tolloid in ventral regions. The location of this 
gradient may explain why the ectoderm and 
mesoderm respond coordinately to BMPs during 
development. Diffusion of overexpressed epitope- 
tagged Nodal and Lefty has also been reported in 
the ECM flanking both sides of the lateral plate 
mesoderm in Xenopus tailbud tadpoles (50), sug- 
gesting that diffusion of morphogens through 
ECM, separating cell layers, might be a more gen- 
eral phenomenon in development. In Drosophila, 
the Sog/Dpp gradient most likely forms in the 
perivitelline space; at this time, it is unclear whether 
this extracellular space has any topological ho- 
mology to Brachet’s cleft. 


BMP patterning of the vertebrate 
dorsal-lateral CNS 


After neural induction and involution of the meso- 
derm, the neural plate invaginates to form the 
neural tube, which comes to lie between the over- 
lying epidermis and the ventral notochord. BMPs 
initially produced by epidermal cells diffuse into 
the dorsal CNS and activate autonomous expres- 
sion of BMPs within the neural tube. These BMPs 
then diffuse ventrally to create an activity gradient 
that has been proposed to activate neural genes 
(such as Msx1/2) dorsally and to repress genes ex- 
pressed more ventrally in response to Hedgehog 
signaling [reviewed in (57, 52)]. A notable parallel 
between patterning of the vertebrate and Dro- 
sophila CNS is that orthologs of the Drosophila 
neural identity genes are expressed in the same 
order relative to the epidermal source of BMPs: 
Mswx!1,2 (= msh) dorsally; Gsh1,2 (= ind) laterally, 
and Nkx2.2/Nkx6.1 (= Vnd) in the ventral neural 
tube (Fig. 3, A and B). These relative gene expres- 
sion domains are also shared with the annelid 
worm Platyneris dumerilli (53), suggesting that 
the CNS of Urbilateria, the common ancestor of 
bilaterians, had at least three subdivisions corre- 
sponding to primary rows of neuronal progen- 
itors (54). How BMP-mediated regulation of this 
conserved suite of gene expression may have 
evolved is discussed further below. 


Quantitative modeling of morphogen 
gradient formation and activity 


The panoply of mechanistic experimental data 
summarized above has spurred development 
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of increasingly complete and predictive math- 
ematical models of BMP-mediated patterning 
(16, 29, 55-58). In several instances, these mod- 
els have suggested potential new network be- 
haviors that have subsequently been tested 
experimentally and verified. This modeling can 
help address questions such as how a morphogen 
gradient leads to reliable patterning and how 
patterning can be coupled to growth in some 
cases (59). These are nontrivial problems for sev- 
eral reasons. First, it is difficult to imagine mech- 
anisms by which a single morphogen could specify 
thresholds varying over two or more orders of 
magnitude in concentration. Second, there is great 
variability and fluctuation in many cellular func- 
tions such as changes in cell shape, size, surface-to- 
volume ratio, number of cell-surface receptors, 
protein concentrations based on transcriptional 
interruption during cell division and transcrip- 
tional bursting, and noise that is inherent to all of 
these and other processes required for cells to mea- 
sure and respond to a given level of morphogen. 
Yet, despite these considerable signal-degrading 
factors, embryos and appendages develop with 
marked fidelity and are surprisingly resistant to 
a variety of experimental perturbations (e.g., scal- 
ing the overall shape of structures with great ac- 
curacy in the face of major alterations in the 
size of those structures). We consider here several 
mechanisms for creating and responding to mor- 
phogen gradients, as well as homeostatic correc- 
tive mechanisms, which, in aggregate, may help 
account for how such reproducible patterning is 
achieved. 


Creating morphogen gradients 


Although beyond the scope of the current Review, 
several different mechanisms have been proposed 
for the creation of stable morphogen gradients 
(Fig. 4). Perhaps the most obvious and commonly 
considered mechanism is free diffusion of the 
secreted morphogen in the extracellular space 
(Fig. 4A). Models assuming extracellular diffu- 
sion of BMPs and other morphogens (e.g., Wnts 
and Hedgehog-related factors) are consistent with 
experimental observations in diverse systems. 
Additionally, there is direct evidence for such a 
simple mechanism in forming BMP activity gra- 
dients in the Xenopus gastrula (see above) and 
the Drosophila wing imaginal disc (60, 61), as 
well as indirect modeling support in other systems 
(62). There is also evidence for other means of 
morphogen transport (Fig. 4B), including vesicle- 
bound release from cells (exosomes or argosomes) 
(63, 64), transcytosis, movement or migration of 
morphogen-producing cells (65), and direct long- 
distance cell-to-cell contacts mediated by filopodia- 
like processes called cytonemes (66-77). Cytonemes 
can extend, in a directed fashion, more than 100 um 
from a cell and can mediate reception of specific 
morphogen signals [e.g., Dpp versus Hh or FGF 
(67)] (Fig. 4C). In the case of migrating tracheal 
cells in the Drosophila wing imaginal disc, mu- 
tations that inhibit the formation of cytonemes 
abrogate the ability of tracheal cells to respond 
to Dpp produced in the wing disc epithelium 
(66), strongly suggesting that these cytoplasmic 


extensions play an essential role in this form of 
inductive signaling. 

Activity gradients of a morphogen can also 
be created by temporal mechanisms. One class 
of time-integrating mechanisms is for cells to 
retain a “memory” of having been exposed to a 
certain level of morphogen in the past. Such 
memory can be accomplished directly by per- 
durance of a morphogen within a cell (e.g., low 
turnover rate) or indirectly via the activation of 
a stable switch of some kind. For example, in 
the case of Hh signaling in the Drosophila wing 
imaginal disc, the width of the Hh responsive 
domain (six to eight cells) remains constant dur- 
ing the growth of the wing disc, whereas cells at 
the outer edge of the Hh receptive domain move 
out of range as the disc grows (72). In this sit- 
uation, if memory of the Hh signal fades on a 
time scale on the order of the growth rate, then a 
gradient of Hh response will be observed in cells 
lying anterior to those currently receiving the 
diffusible signal. Similarly, in the case of Wg sig- 
naling, a tethered form of the ligand can largely 
replace the function of the normally secreted 
form in long-range patterning, partly due to the 
formation of a crude activity gradient that likely 
reflects memory of contact-mediated signaling 
and cell displacement during tissue growth (73). 

Transient patterning events may also seed the 
outcome of bistable cell fate choices. For exam- 
ple, differences in the genomic length of a locus 
result in differential temporal delays in gene ac- 
tivation or repression and can lead to the for- 
mation of transient spatial gradients (74), which 
in principle could bias the outcome of stable 
cross-regulatory interactions among those genes. 
Indeed, the length of target genes of several mor- 
phogen gradients (including Dpp) in the Dro- 
sophila embryo and wing disc follows an ordered 
trend with respect to the morphogen-defined 
axes (74). Differential delays in the responses of 
particular genes to a morphogen may also occur 
[e.g., a DV progression of neural identity gene 
expression in both Drosophila and vertebrates 
(75-77)|. Determining the contributions of such 
diverse spatial and temporal mechanisms for 
creating gradients of morphogen activity in dif- 
ferent developmental settings is one the most 
important challenges for future studies. 


Responding to morphogen gradients 


In French flag models, the salient feature of the 
morphogen gradient read by cells is the abso- 
lute level of the morphogen. Mathematical mod- 
els built around this simple premise have revealed 
trade-offs in patterning performance regarding 
parameters such as peak ligand or receptor levels, 
receptor turnover, receptor occupancy, or ligand 
diffusion length scale (58, 78). Thus, parameter 
sets that do well in one part of the gradient typ- 
ically lead to poor or mediocre performance in 
other regions. However, by nature a gradient has 
other features that cells could also detect, in- 
cluding its slope, inflection points, and temporal 
elements (e.g., the time derivative of a signal or 
its integrated levels). Different levels of signal-to- 
noise could also be used, in principle, to estimate 
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distances far from a source of morphogen be- 
cause stochastic differences in signaling between 
neighboring cells should be graded toward the 
tail end of a gradient. Parallel processing of these 
various features of a gradient may allow cells to 
detect their positions across the full expanse of 
the gradient (Fig. 5A). 


Homeostatic feedback mechanisms 


It has become increasingly evident that homeo- 
static feedback mechanisms play a key role in 


establishing and maintaining reproducible mor- 
phogen gradients in the face of challenges such 
as tissue growth, noise, morphogenetic move- 
ments, and variable environmental inputs (e.g., 
nutrient availability, temperature). Expanders 
such as Sizzled in Xenopus embryos (Fig. 2E) or 
Pentagone (Fig. 5B) in Drosophila wing discs 
[reviewed in (14, 55)] provide examples of factors 
that can scale the gradient length constant to the 
growth of tissues. Expanders, which are typically 
produced at the low end of a gradient (by virtue 


of having their expression inhibited by morpho- 
gen signaling) and are highly diffusible, bind to 
ligands and stabilize them [e.g., by preventing 
their degradation (79)]. The stabilizing effect of 
Pentagone, which may act via its interaction with 
the glypican Dally (80) (a Dpp co-receptor), allows 
Dpp to travel further as the tissue grows (Fig. 5B), 
thereby increasing the gradient length constant 
and scaling the patterning response. 

Local interactions between cells can also act ho- 
meostatically to integrate growth or environmental 
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Fig. 4. Mechanisms of morphogen movement. (A) Methods for measuring 
free diffusion of a morphogen. Fluorescence recovery after photobleaching 
(FRAP) provides an estimate for 1/D approximately equal to the half time 
required to regain fluorescence in a region after photobleaching of a fluorophore- 
tagged morphogen. Fluorescence spread after photoconversion (FSAP) provides 
a reciprocal estimate of the dispersion rate after activation of a fluorophore- 
tagged morphogen. Fluorescence correlation spectroscopy (FCS) measures 
small fluctuations in fluorescence signals within small regions of extracellular 
space, which, when analyzed, statistically reveal the number of particles moving 
in and out of that region, thus allowing an estimate of the diffusion constant. For 
a more in depth treatment, see (62). tp, diffusion time. (B) Diagram sum- 
marizing potential mechanisms of active morphogen transport between cells, 
including secretion from one cell and reuptake via endocytosis by a neighbor, 
transcytosis of vesicles, and pinocytosis of a protrusion from one cell by a 
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neighboring cell. (©) Cytonemes either transport receptor-ligand complexes 
back to the cell body or export ligands for release and reuptake at a distance 
from a signal-producing cell. (Left) Diagram summarizing cytoneme-mediated 
transport of Dpp, Hh, and FGF ligands in the developing Drosophila wing pri- 
mordium. Within the wing disc monolayer, Hh is transported from producing cells 
in the posterior compartment to six to eight cell diameters into the anterior 
compartment. Cells in peripheral regions of the disc send cytonemes toward the 
center of the disc, where they contact Dpp-producing cells and endocytosis Dpp: 
Receptor complexes and transport them back to the cell body (117). (Right) Air 
sac cells, a migrating outpocketing of the tracheal system, extend independent 
classes of cytonemes to contact the overlying wing disc to respond to either Dpp 
or FGF (66). [Credits: (A) adapted from content in boxes 5 and 6 of (62); (C) left 
panel modified and assembled from components in figure 1D of (117), right panel 
from (66)] 
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systems with morphogen-mediated patterning 
to achieve accurate scaling of morphological 
structures, as in bisected Xenopus embryos that 
develop into normal tadpoles of half size. Sig- 
naling systems—such as the planar polarity and 
Fat/Yorkie pathways, as well as lateral inhibitory 
interactions (e.g., Notch signaling)—provide such 
feedback for patterning [reviewed in (74, 87)]. 


Integration of multiple 

developmental cues 

The Victorian polymath Francis Galton intro- 
duced the concept of the “wisdom of crowds or 
vox populi” by asking a crowd of 800 people 
attending a country fair to guess the weight of 
an ox. Astonishingly, the average of the individ- 
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Fig. 5. Feedback regulation of morphogen signaling and integra- 
tion with growth. (A) Potential parallel-acting feedback mechanisms 
include proportional feedback correcting instantaneous levels of sig- 
naling, integral feedback to time average input correcting for fluctua- 
tions in signaling, and derivative feedback to estimate future signal 


relative to neighbors (x)) 


ual guesses differed from the actual weight 
(1198 pounds) by only 1 pound (<0.1%), with the 
median guess being off by only 9 pounds (<1%) 
(82). The accuracy of this collective estimation, 
which has been put forward as an argument in 
favor of democracy and other forms of plurality 
(83), was predicated on each member of the crowd 
having an informed but independent basis for 
guessing, no prior communication between mem- 
bers of the crowd, and a mechanism to collate 
these guesses to generate a consensus (average 
or median estimate). Might a similar strategy 
help to explain the ability of cells to guess their 
place in a morphogen gradient? This could be 
the case if cells possess mechanisms to integrate 


the variety of potential parallel-acting mecha- 


nisms for generating a gradient (e.g., facilitated 
diffusion, exosomes, cytonemes), each of which 
could be read independently by distinct com- 
partmentalized receptor complexes, as well as 
the diversity of gradient information that could 
impinge on each particular readout of the gra- 
dient (e.g., the magnitude, integral, and deriv- 
ative of the signal) and homeostatic network 
interactions (e.g., cross-regulation between genes 
receiving distinct sets of gradient inputs, as well 
as proportional, integrated, and derivative feed- 
back compensation). Such a consensus-based esti- 
mate of position in a morphogen gradient might 
perform well in establishing the relative position 
of a cell and, in conjunction with local regulation 
of secondary feedback signals (e.g., planar signals, 
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strength and to integrate signaling locally in space. (B) Integration of 


patterning and growth. (Top) Scheme diagramming the gene regulatory 
network (left) controlling BMP-mediated anterior-posterior patterning in the 
wing imaginal disc (right). Briefly, the Engrailed (En) transcription factor ac- 
tivates Hh expression in the posterior compartment. Hh then diffuses ante- 
riorly to activate Dpp expression in a central stripe. Dpp diffuses both anteriorly 
and posteriorly to activate genes such as spalt (sal) and omb in a threshold- 
dependent fashion. Wing vein primordia (numbered L1 to L6) are then 
induced along specific gene expression boundaries (e.g., the L2 vein an- 
terior to the sal expression domain and the L5 vein along the posterior omb 
border) (59, 61, 118). (Lower Left) BMP-mediated patterning in the growing 
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wing imaginal disc (=1000-fold increase in cell number). The disc increases in 
size, whereas relative positions of gene expression patterns remain constant 
(.e., X/Y = constant), indicating that the length constant of the Dpp gradient 
increases as the disc expands. (Lower Right) The expander Pentagone con- 
tributes to scaling in the wing disc. Pentagone expression (in blue) is repressed 
by Dpp (in red) signaling, but it protects Dpp from receptor-mediated endo- 
cytosis, thereby allowing it to diffuse a greater distance. As the disc grows, 
Dpp-mediated inhibition weakens at the periphery of the disc, allowing ex- 
pression of Pentagone, which in turn facilitates diffusion of Dpp. [Credits: (B) 
drawn and provided by Valentino Gantz] 
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lateral inhibitory factors, expanders), may itera- 
tively provide the necessary corrections to achieve 
proper scaling. Identifying cellular mechanisms 
for integrating such hypothetical consensus-based 
integration of diverse gradient estimates and de- 
termining whether cells in different developmen- 
tal contexts employ distinct guessing algorithms 
(e.g., does inductive cell signaling rely more on 
cytonemes, whereas long-range patterning de- 
pends primarily on facilitated diffusion?) will be 
important steps in assessing the validity of this 
hypothesis. 


Evolution and diversification 
of DV patterning systems 


As mentioned earlier, the role of polarized BMP 
signaling in establishing the DV axis is one the 
best examples for evolutionary conservation of a 
developmental patterning system. For example, 
injection of Drosophila sog mRNA into ventral 
regions of a Xenopus embryo lead to axis du- 
plications similar to those observed with injec- 
tion of chordin mRNA or transplantation of the 
Spemann organizer (84, 85). Similarly, vertebrate 
BMP pathway components are active in Drosoph- 
ila and, in the case of BMP2, can even rescue dpp- 
null mutants to full viability (86). This high degree 
of functional conservation, in combination with 
the similar relative expression patterns of pathway 


components in organisms spanning a broad range 
of phyla, provides one of the best examples of a 
conserved developmental system. 


Ancestral role of BMP-mediated 
axial patterning 


Studies across a broad spectrum of organisms 
have provided further evidence for the con- 
served role of BMP signaling in DV patterning 
and subdivision of the embryo into neural ver- 
sus epidermal domains (i.e., neural induction in 
the broadest sense). Thus, BMPs and their an- 
tagonists define epidermal versus neural cell fates 
in arthropods [e.g., basal insects (87) and spi- 
ders (88)], lophotrochozoa [e.g., planaria (89-97) 
and polychaete annelids (53)], and deuterostomes 
[echinoderms (97) and nonvertebrate chordates; 
e.g., amphioxus (93)] [reviewed in (4, 94)]. 
BMPs and their antagonists are also expressed 
in localized patterns in diploblast embryos (i.e., 
cnidarians, the sister group to bilateria, compris- 
ing jellyfish, sea anemones, corals, and hydra) 
where they play an important role in establishing 
primary body axes (95, 96). As diploblasts have 
diffuse nerve nets, the presence of polarized BMP 
signaling in these species suggests that axial 
patterning by BMPs preceded centralization 
of the nervous system. During gastrulation, the 
Nematostella (sea anemone) gastrula embryo 


forms a directive axis that expresses Chordin, 
Dpp, and BMP5-8 on one side and the BMP 
GDF-like and the BMP antagonist Gremlin on 
the opposite side. Although Chordin and Dpp 
are secreted by the same group of cells (Fig. 6), 
signaling by phospho-Smad1/5 takes place in the 
opposite side, where likely Dpp:BMP5-8 dimers 
are liberated from Chordin inhibition by Tolloid 
(95). This ancestral long-distance signaling path- 
way has marked similarities to the ones present 
in Xenopus, zebrafish, and Drosophila, except that 
in Nematostella this gradient also controls the 
expression of Hox genes. 

A variety of evidence suggests that the role for 
BMPs in specifying epidermis and a condensed 
nervous system arose in an uribilaterian ancestor. 
First, as mentioned above, BMPs perform these 
two functions in diverse organisms spanning all 
three major bilaterian branches. Second, neural 
identity genes are expressed in a conserved se- 
ries of DV domains in much the same fashion 
that Hox genes are expressed along the AP axis. 
Third, species with condensed CNS organiza- 
tion are present within the great majority of the 
30 bilaterian phyla (97). Many phyla also con- 
tain organisms with simpler body designs, which 
are likely to have arisen secondarily as derived 
simplifications of the basal body plan. For ex- 
ample, in hemichordates, which have a diffuse 
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nerve network, suppression of neuronal devel- 
opment by the BMP gradient has been lost. How- 
ever, the components of this pathway are still 
expressed in a polarized pattern, which suggests 
that they are required for other DV patterning 
functions such as determining the ventral posi- 
tion of the mouth (98). 


Evolvability of BMP-mediated patterning 


Although, as argued above, it seems likely that 
BMP-mediated axial patterning is an ancestral 
trait, there is also a marked degree of flexibility 
in how particular BMP pathway components are 
deployed to achieve the common goal of gen- 
erating epidermis in regions with high levels of 
BMP signaling and neuroectoderm in regions of 
low signaling (Fig. 6). For example, in more prim- 
itive insects (e.g., beetles), the source of BMPs 
is not localized along the DV axis, but ventrally 
produced Sog helps BMPs diffuse to the dorsal 
side of the embryo (99) as it also does in Dro- 
sophila (21, 24, 29, 57, 100-106). Also, in more prim- 
itive dipterans such as the scuttle fly, the BMP 
gradient is broken into two peaks that define 
distinct tissues in this species, the amnion versus 
the serosa, in contrast to Drosophila with single 
blended extra-embryonic tissue, the amnioserosa 
(107). In spiders, a cluster of Dpp-producing mes- 
enchymal migratory cells leaves a trail of signal- 
ing that specifies the future dorsal midline that 
may be contacted by epithelial cells via cytonemes 
(108). In the mouse, chordin knockout causes only 
minor phenotypes in the prechordal midline, 
but in combination with noggin knockouts, the 
forebrain fails to develop (109). Thus, in mam- 
mals, which have a slower development and lack 
epiboly movements over a yolk mass (which re- 
quires the maintenance of a constant gradient), 
redundant BMP antagonists increase in develop- 
mental importance. In sea urchin embryos, BMPs 
and Chordin (Chd/Sog) are coexpressed (orally) 
(as is the case for ADMP, BMP2, and Chordin in 
Xenopus), and the BMP activity gradient forms as 
a consequence of differences in BMP and Chordin 
diffusion (92). This strategy is analogous to that of 
sea anemone embryos in which Dpp and Chordin 
are expressed in the same cells and the key reg- 
ulator of the system is the shuttling of Chordin 
(95). However, some animals such as annelids 
seem to have lost chordin from their genome, 
and other BMP antagonists such as Noggin and 
Gremlin are brought into play (110, 177). In the 
case of the leech, DV patterning is regulated by 
BMPs inducing only immediately adjacent cells 
and up-regulating the BMP antagonist Gremlin 
(94, 111). These evolutionary developmental biol- 
ogy (“evo-devo”) studies have revealed a high de- 
gree of evolvability in the ancestral Sog/Chordin/ 
BMP DV patterning gradient. 

There is also evidence for evolvability of BMP 
signaling in CNS patterning. Although BMP ac- 
tivity gradients are consistently oriented with 
respect to the epidermis and subdomains of the 
CNS in diverse organisms, it appears that they 
achieve this conserved output by alternative mech- 
anisms. As summarized above, BMPs act during 
CNS patterning in Drosophila as they do earlier 
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in neural induction to repress expression of neu- 
ral genes, whereas in vertebrates the consensus 
view has been that BMPs activate genes in dorsal 
and lateral regions of the spinal cord (57). Analysis 
of cis-regulatory elements responsible for BMP- 
mediated regulation of the paralogous Drosophila 
msh and zebrafish msxB genes in the dorsal CNS 
supports opposite modes of BMP regulation (37). 
Mutation of BMP-responsive SMAD sites leads 
to derepression of msh reporter gene expression 
in the epidermis in Drosophila, whereas a com- 
parable mutation results in the loss of msxB re- 
porter gene expression in zebrafish. Thus, BMPs 
can act by opposite mechanisms (weak repres- 
sion versus weak activation) to achieve the same 
gene expression output pattern. 


Conclusions and future perspectives 


Over the past two decades, the molecular basis 
for classic embryological observations has been 
elucidated in great detail and has led to testable 
quantitative network models for BMP-mediated 
regulation of DV patterning. This progress not- 
withstanding, several important questions re- 
main. Perhaps foremost among them is how 
network models can account for the nearly in- 
variant morphologies of fully developed orga- 
nisms and how such reproducible patterning is 
achieved in the face of considerable difficulties 
in accurately reading morphogen activity across 
the broad range of graded concentrations, which 
engenders unavoidable tradeoffs. Such models 
must also cope with inherent variations in crit- 
ical parameters arising from both intrinsic noise 
and environmental variation, which can result in 
substantial perturbations, as illustrated by embryos 
of vastly different sizes or developing at different 
temperatures, forming correctly proportioned 
adults. It will be interesting to see whether mod- 
els based on the “wisdom of crowds” concept shed 
light on this problem. Experimental tests of such 
models should account for various forms of po- 
tential parallel genetic circuitry (or redundancy) 
that are integral to this line of thinking. Thus, the 
loss of single or even multiple circuits may not 
have a major effect on morphology, but the roles 
of these circuits might be revealed in sensitized 
backgrounds where other critical elements are 
weakened. A salient example of such redundancy 
is the ability of a membrane-tethered form of Wg 
alone to sustain viability and generate almost 
normal patterning (73), whereas it is nearly cer- 
tain that diffusible forms of the protein also nor- 
mally play a role in patterning. Additionally, new 
quantitative approaches integrated with cutting- 
edge imaging methods should be considered, 
such as using Bayesian statistical models to re- 
veal potential links in gene regulatory networks by 
examining the effects of many (hundreds) modest 
perturbations of the system (e.g., heterozygosity 
or duplication of each gene in the network) on 
multiple gene expression markers in vivo across 
fields of developing cells [e.g., (112, 113)]. 

Other important questions include how differ- 
ent stable BMP signaling networks are deployed 
within an organism to accomplish distinct pat- 
terning events and how interactions within these 


networks can change during evolution while 
retaining similar developmental outputs. With 
regard to adaptation of BMP signaling networks 
to different developmental contexts, an intriguing 
question is whether different modes of BMP trans- 
port dominate in particular settings. For exam- 
ple, might free diffusion facilitated by a sink 
be a dominant mechanism for dispersing ligands 
between cell sheets, whereas cytonemes offer 
a preferred mode of transport for other types of 
inductive signaling (e.g., during Dpp-dependent 
induction of the Drosophila midgut or in mainte- 
nance of local stem niches)? Mutants selectively 
inhibiting the formation of cytonemes dedicated 
to specific signaling pathways will provide im- 
portant new insights into this mode of ligand 
transport and reception. 

Comparative studies of BMP regulatory net- 
works (such as that involved in early embryonic 
DV patterning and neural induction) in addi- 
tional species would also be of interest, as well 
as further analysis of BMP-dependent CNS pat- 
terning, as discussed above. An interesting ques- 
tion in this regard is whether critical changes in 
a network are accomplished at the level of al- 
terations in cis-regulatory elements that shift pat- 
terns of gene expression or by the addition or 
subtraction of specific proteins from the system, 
such as expanders or other factors mediating feed- 
back interactions. Clearly, many interesting and 
important questions remain in this paradigm- 
setting field. 
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INTRODUCTION: Cardiac progenitor cells 
are multipotent, and lineage analyses of mu- 
rine and chick cardiac development have 
demonstrated that these cells give rise to the 
cardiac endothelium, smooth muscle, and car- 
diomyocytes. However, the mechanisms gov- 
erning commitment to the myocyte lineage 
in vivo remain largely unknown. Further un- 
derstanding of these mechanisms, and of 
the identity of progenitors committed to the 
myocyte lineage, may advance cardiac regen- 
erative therapies. 


RATIONALE: Hopx is an atypical homeo- 
domain expressed in cardiac mesoderm shortly 


after cardiac progenitor cells are first evident. 
Previous studies have demonstrated that Hopx 
functions as a nuclear transcription co-repressor 
and is expressed in adult, +4 intestinal stem 
cells and hair follicle bulge stem cells. We com- 
pare lineage tracing of multipotent cardiac 
progenitor cells marked by Islet1 and Nkx2-5 
expression with lineage tracing of Hopx” cells. 
We also perform functional studies of Hopx 
from endogenous tissue and differentiated em- 
bryoid bodies to identify mechanisms promot- 
ing commitment and myogenesis. 


RESULTS: We define and characterize a Hopx- 
expressing cardiomyoblast intermediate that 


Lineage tracing of Hopx* cells. Images depicting lineage tracing of early Hopx* cardiomyo- 
blasts that give rise to myocytes in the left ventricle and atria. Some images are duplicated and 
pseudocolored. 
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is committed to the cardiomyocyte fate. Hopx* 
is initially expressed in a subset of cardiac pro- 
genitor cells residing in the precardiac meso- 
derm prior to the expression of troponin T, a 
component of the contractile sarcomere ap- 
paratus of myocytes. Lineage-tracing experi- 
ments demonstrate that Hopx” cells give rise 
to cardiac myocytes exclusively. Early Hopx* 
cardiomyoblasts expand during cardiogenesis. 

Overexpression of Hopx in cardiac progen- 
itor cells leads to an increase in myocytes, 
whereas Hopx deficiency compromises myo- 

genesis. Whole-genome 
analysis reveals that Hopx 
occupies regulatory re- 
gions of multiple Wnt- 
related genes, and Hopa’ ~ 
cardiac tissues are char- 
acterized by an expansion 
of Wnt signaling. Restoration of Wnt levels 
during differentiation of Hopa’ ~ embryoid 
bodies partially rescues myogenesis. Wnt sig- 
naling is a potent regulator of stemness of 
cardiac progenitor cells, and our data suggest 
that Hopx promotes myogenesis by repressing 
Wnt signaling. 

Cardiac progenitor cells down-regulate 
Wnt signaling as they enter the cardiac out- 
flow tract, coincident with the expression of 
Hopx. The outflow tract is also enriched for 
bone morphogenetic protein (Bmp) signal- 
ing, known to influence differentiation of 
myocytes. Hopx physically interacts with 
activated Smad complexes in vitro and in vivo. 
Exogenous Bmp4 represses Wnt signaling 
in cardiac explants, and Bmp4-mediated Wnt 
repression requires Hopx. Thus, Hopx func- 
tions to couple Bmp signaling to repression 
of Wnt. 


CONCLUSION: Our work defines an interme- 
diate cardiac progenitor that expresses Hopx 
and is committed exclusively to the myocyte 
fate. Therefore, akin to an erythroblast in hema- 
topoietic differentiation, we have termed these 
committed cardiac progenitor cells “cardio- 
myoblasts.” The ability to identify committed, 
but undifferentiated, cardiomyocyte precur- 
sors may facilitate development of cardiac 
regenerative therapies, including those using 
embryonic stem cells and induced pluripotent 
stem cells. 

Hopx functions to promote myogenesis by 
physically interacting with Smad proteins to 
repress Wnt signaling. Our findings raise the 
possibility that Hopx-mediated integration of 
Bmp signaling to repress Wnt may be active in 
other progenitor populations and may poten- 
tially underlie the tumor suppressor function 
of Hopx. 
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Integration of Bmp and Wnt signaling 
by Hopx specifies commitment 


of cardiomyoblasts 


Rajan Jain,’* Deqiang Li,’* Mudit Gupta,’ Lauren J. Manderfield,’ Jamie L. Ifkovits,'+ 
Qiaohong Wang,’ Feiyan Liu,’ Ying Liu,’ Andrey Poleshko,’ Arun Padmanabhan,’ 
Jeffrey C. Raum,” Li Li,’ Edward E. Morrisey,’ Min Min Lu," 


Kyoung-Jae Won,” Jonathan A. Epstein’§ 


Cardiac progenitor cells are multipotent and give rise to cardiac endothelium, smooth muscle, 
and cardiomyocytes. Here, we define and characterize the cardiomyoblast intermediate that is 
committed to the cardiomyocyte fate, and we characterize the niche signals that regulate 
commitment. Cardiomyoblasts express Hopx, which functions to coordinate local Bmp signals 
to inhibit the Wnt pathway, thus promoting cardiomyogenesis. Hopx integrates Bmp and Wnt 
signaling by physically interacting with activated Smads and repressing Wnt genes. The 
identification of the committed cardiomyoblast that retains proliferative potential will inform 
cardiac regenerative therapeutics. In addition, Bmp signals characterize adult stem cell niches 
in other tissues where Hopx-mediated inhibition of Wnt is likely to contribute to stem cell 
quiescence and to explain the role of Hopx as a tumor suppressor. 


ineage analyses during cardiac develop- 

ment in the chick and mouse over the past 

two decades have demonstrated that at 

least two pools of progenitor cells contrib- 

ute to the heart (7). Cardiac progenitor cells 
(CPCs) derived from the cardiac crescent, or the 
first heart field (FHF), express Nkw2-5 and con- 
tribute to a primitive heart tube. After subsequent 
looping of the heart tube, additional progenitor 
cells are added to the arterial and venous poles of 
the heart from the second heart field (SHF). SHF 
cells arise just medial and posterior to the FHF in 
the cardiac crescent and populate the pharyngeal 
arches and dorsomedial mesoderm before migra- 
tion into the heart proper (2, 3). 

Studies modeling cardiac development using 
differentiation of embryonic stem (ES) cell-derived 
embryoid bodies (EBs) have demonstrated that 
SHF progenitors, marked by Islet] (Isl) expression 
(4), are multipotent, with potential for differenti- 
ation into cardiomyocyte, endothelial, or smooth 
muscle lineages (5-7). Wnt signaling is necessary 
to promote and expand multipotent CPCs (8-10), 
and subsequent differentiation of cardiac myocytes 
is influenced by bone morphogenetic protein 
(Bmp) signaling and Wnt inhibition (17, 12). How- 
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ever, the implications of these studies for in vivo 
cardiogenesis are unknown. The characteristics of 
an embryonic CPC niche are poorly described, and 
the degree to which CPCs remain uncommitted 
during mid- and late gestation has been unclear. 
For example, recent reports using inducible lineage 
tracing of early cardiac progenitors, marked by 
Mesp1 expression, suggest the existence of a rela- 
tively small pool of multipotent progenitors in vivo 
and that at least some of these become com- 
mitted at very early stages, perhaps soon after gas- 
trulation (13, 14). Efforts to fully characterize the 
signaling pathways active during cell fate decisions 
in vivo have been hampered, at least in part, by the 
lack of specific markers of lineage commitment. 

Here, we report that CPCs committed to the 
myocyte lineage can be prospectively identified 
before the expression of sarcomere genes on the 
basis of Hopx expression, an atypical homeodo- 
main protein expressed during early cardiac de- 
velopment and in multiple stem cell populations 
(15-19). Akin to an erythroblast in hematopoietic 
differentiation, we have termed these committed 
CPCs “cardiomyoblasts.” We show that SHF- 
derived cardiomyoblasts are specified in the distal 
outflow tract (OFT) within a zone of high Bmp 
and low Wnt signaling. Finally, we show that Hopx 
not only marks commitment, but that it also pro- 
motes myogenesis by interacting with an activated- 
Smad complex to repress Wnt. 


Cardiomyoblasts are defined by 
Hopx expression 


At early stages of cardiac development, Nkx2-5 
and JslJ mark populations of CPCs (2, 4), and 
Hopx expression initiates shortly after Nkx2-5 in 
precardiac mesoderm (15). We used a knock-in 


allele in which Hopx is epitope tagged and green 
fluorescent protein (GFP) is expressed in Hopx* 
cells (18) to determine that Hopx is expressed in 
a subset of CPCs at embryonic day 8.0 (E8.0) and 
E8.5 in the FHF and SHF, respectively (Fig. 1, A 
and B). As SHF progenitors enter the distal OFT, 
Isl1 expression is gradually extinguished and Hopx 
expression initiates, providing a restricted region 
of coexpression in the distal OFT (Fig. 1B). Fate 
mapping using Nkx2-5°’* and cre-dependent 
reporter mice indicates that essentially the entire 
late-gestation heart derives from Nka2-5* pre- 
cursors, including myocytes, smooth muscle, endo- 
thelium, and epicardium (Fig. 1C). Isl1* cells also 
give rise to smooth muscle, endothelium, myo- 
cytes, and epicardium, but some of the left ven- 
tricle myocardium and atria, derived from the FHF, 
is not labeled in Jsl7 fate-mapping experiments 
(Fig. 1D). Lineage-tracing experiments using a 
Hopx’”* allele, in which we inserted cre follow- 
ing an internal ribosomal entry sequence (IRES) 
so as to avoid perturbing Hopzx expression (20), 
demonstrate labeling in all four cardiac chambers 
(Fig. IE and fig. S1, A and B). However, in contrast 
to Nkx2-5 and Isll, Hopx derivatives within the 
heart are entirely restricted to cardiac myocytes 
(Fig. 1E and fig. $2). Some cardiac fibroblasts 
derive from Nkx2-5- and IsiJ-expressing precur- 
sors, but Hopx’” cells do not give rise to fibroblasts 
in the heart (fig. S2). Most cardiac myocytes de- 
rive from Hopa”™ precursors, although some spe- 
cialized myocytes surrounding the pulmonary 
veins and within the interatrial septum are not 
derived from Hopx” cells (fig. S3). Analysis of E9.5 
Nmx2-5°"*; R26": Hopa*™"* embryos re- 
veals that all Hopx* cardiomyocytes at this time 
point derive from N&kx2-5° precursors (Fig. 1F). 
Flow cytometry analysis of dissociated postnatal 
day 2 (P2) hearts, expressing a reporter allele, con- 
firms the multilineage contribution of Nkx2-5 and 
Tsli, in contrast to Hop2” cells (fig. S4). We do not 
detect Hopx in any nonmyocyte cell types within the 
heart, consistent with our lineage-tracing data (fig. S5). 

To confirm the fate of the earliest Hopx’- 
expressing cells, we used a tamoxifen-inducible 
Hopz allele (Hopa™""*) (19). Low doses of tamox- 
ifen induction in Hopa™"°’*; R26""”* embryos 
reveal that single E8.25 Hopa* cardiomyoblasts 
expand to form clusters of myocytes by E18.5 
(Fig. 2, A and B) and that Hopx* cardiomyoblasts 
express markers of proliferation at early embry- 
onic time points (fig. S6). In addition, inducing cre 
recombinase activity with a single dose of tamox- 
ifen at E8.25, a time point correlating with Hopx 
expression within a subset of Nka2-5* progenitors, 
demonstrates lineage-labeled myocytes primarily 
in the left ventricle and both atria at E18.5 (Fig. 2C). 
However, similar lineage tracing of E9.25 Hopx* 
cells demonstrates that cardiomyoblasts expressing 
Hopx at this later time point contribute to myo- 
cytes in both ventricles and both atria (Fig. 2D). 
Taken together, these results establish that cardiac 
Hopx expression identifies a pool of progeni- 
tors committed entirely to the myocyte lineage 
(e.g., cardiomyoblasts) and that Hopx* cardio- 
myoblasts expand during cardiogenesis. In addition, 
our results suggest that commitment of FHF and 
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Fig. 1. Prospective identification of cardiomyoblasts. 
A) A subset of E8.0 Nkx2-5* cells in the FHF precardiac 
mesoderm express Hopx. (B) A subset of E8.5 Isll* SHF 
cells in the OFT express Hopx (inset highlights distal OFT). 
C and D) Nkx2-5* (C) and Is/1* (D) cells give rise to myo- 
cytes (Actn2"), epicardium (yellow arrowheads), endo- 
thelium (Nos3*, white arrowheads), and smooth muscle 
TagIn2*, white arrowheads) at PO. (E) Hopx™ cells give rise 
to myocytes, not epicardium (yellow arrowheads), endothe- 
ium (Nos3, white arrowheads), or smooth muscle (Tagin2, 
white arrowheads) at PO. (F) Hopx™ cells (GFP*) derive from 
Nkx2-5* cells (RFP*, red fluorescent protein) (E9.5, sagittal 
section). Scale bars: 500 um [(C to E), whole mount], 100 um 
(F), 25 um (A and B), 10 um [(C to EB), histology]. 
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Fig. 2. Cardiomyoblasts expand during cardio- 
genesis. (A and B) E8.25 Hopx®®°re“*. pagrom+ 
embryos were induced with tamoxifen and _ har- 
vested at E9.5 (A) and E18.5 (B). Individual Hopx- 
derived cells are labeled at E9.5 [(A and B) area 
highlighted by arrowhead is magnified on the right]. 
At E18.5, clusters of myocytes are identified (B). (C 
and D) Hopx&RCre’+. R26T"”* embryos were 
induced with tamoxifen at E8.25 (C) or E9.25 (D) 
and analyzed at E18.5 (n = 2 litters per time point; 
two examples at each time point shown). Scale Analyze 
bars: 500 wm (C and D) and 50 um (A and B). E9.5 
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Fig. 3. Hopx expression precedes troponin expression. (A) Hopx expression precedes Tnnt2 expression in the precardiac mesoderm/FHF at early time points 
during cardiac development. Hopx*, Tnnt2* cells are identified a few hours later (white arrowheads). (B). The distal OFT and SHF mesoderm harbor Hopx", 
Tnnt2~ cells at early time points during cardiac development. Scale bars: 100 um except right-most panels/insets, which are 50 um. 
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SHF CPCs occurs at distinct time points during 
cardiogenesis. 


Hopx promotes myogenesis by inhibiting 
Wnt signaling 


Hopx is expressed early during cardiomyocyte 
differentiation and precedes that of troponin T 
(Tnnt2) in both the FHF and SHF (Fig. 3, A and B). 
To examine the function of Hopx during cardio- 
myogenesis, we overexpressed Hopx at various 
time points of ES cell differentiation. Hopz is nor- 
mally detectable by day 5, before Tnnt2 and Mhy6 
are expressed by maturing EBs (fig. S7A). Using 
established protocols (JI, 21), we differentiated 
ES cells into EBs and expressed Hopx starting on 
day 4. Flow cytometry analyses of the resulting 
cultures at day 7 and day 11 indicate that pre- 
cocious expression of Hopx induces a significant 
increase in the number of Tnnt2* cells (Fig. 4A). 
When Hopx is induced only 1 day later, at day 5, 
no statistically significant increase in cardiomyo- 
genesis is observed (Fig. 4A). 

We performed reciprocal loss-of-function exper- 
iments by generating embryonic stem cells (ESCs) 
from Hopx’~ and littermate Hopx’’~ blastocysts 
and differentiating them into cardiac cell types 
(20). Axin2 and Nkx2-5 are each expressed at 
comparable levels when we compared Hopa’— 
and Hopx*”- EBs at days 3 and 4.75 (fig. S7B). 
However, there is a marked reduction in the num- 
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O Control 


ber of Tnnt2* cells and beating foci upon differ- 
entiation of Hopx”- EBs compared to Hopz*”- EBs 
(Fig. 4B). We performed microarrays from Hopa’”— 
and Hopx” ~ EBs (day 8, 2 = 3), and multiple 
myocyte-related genes are down-regulated in 
Hopx~ EBs compared to Hopx*’~ control EBs 
[table SI; e.g., Mhy6 -30.3x, Myh7 -30.3x, Mybpc3 - 
13.0x, Ttn -7.0x, Tnnt2 -5.5x, Nkx2-5 -3.984x; 
false discovery rate (FDR) cutoff = 10%]. Gene 
Ontology analysis of the top 3000 genes that are 
down-regulated confirmed enrichment for families 
of genes related to heart development and myo- 
genesis (Fig. 4C). Although sarcomere genes are 
expressed in Hop2’~ hearts, the onset of Tnnt2 ex- 
pression is delayed in SHF myoblasts as they enter 
the OFT, as evidenced by a lack of Tnnt2 expression 
in Nkx2-5" precursors within the distal OFT of 
Hopx’~ versus Hopx*’* hearts at E9.5 (Fig. 4D). 
The eventual expression of sarcomere genes in 
Hopx mutants suggests that redundant pathways 
exist for activation of the myogenic program. 

To further define the role of Hopx during myo- 
genesis, we defined the genomic regions occupied 
by Hopx by performing chromatin immuno- 
precipitation followed by massively paralleled 
sequencing (ChIP-seq). Although Hopx does not 
bind to DNA directly (22), it can interact with co- 
repressor complexes to inhibit gene expression. 
We performed ChIP-seq analysis of pooled chro- 
matin derived from ~35 E9.5 microdissected mu- 


rine embryonic hearts (table $2). KEGG analysis 
of the genes associated with the strongest 3000 
peaks suggested that Hopx occupancy was en- 
riched in genomic regions proximal to Wnt family 
member genes (P = 3.9 x 10“), and the Wnt 
signaling pathway was the top hit with PANTHER 
analysis (P = 1.2 x 10~°). 

We independently validated Hopx occupancy 
close to several Wnt ligand transcriptional start 
sites by ChIP-QPCR (quantitative polymerase chain 
reaction) (Fig. 5A). Consistent with the known 
function of Hopx as a transcriptional repressor (15), 
many of these ligands, including Wnt2, Wnt5b, and 
Wnt6, are expressed at higher levels at day 8 of dif- 
ferentiation in Hopv”~ EBs compared to Hopx”~ 
EBs (Fig. 5B). Avin2 and Isl1, both target genes of 
canonical Wnt signaling (23, 24), are expressed at 
significantly higher levels in E9.5 Hopx~ hearts, 
as compared to littermate controls (Fig. 5C). Immu- 
nohistochemistry of E9.5 to E10.5 control OFTs 
reveals that the distal OFT is a transition zone in 
which Axin2 and Isl1 expression diminish while 
Hopx expression is activated (Fig. 5D). In Hopa”~ 
embryos, Wnt signaling, as represented by Axin2 
and Isl1 expression, is expanded into the proximal 
OFT compared to littermate controls (Fig. 5E). 
Overexpression of Hopx in EBs reduces Axvin2 
expression, whereas a mutant form of Hopx that 
does not effectively interact with Smad4 (dis- 
cussed further below) does not have this effect 
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Fig. 4. Hopx promotes myogenesis. 
(A) Precocious expression of Hopx in 
CPCs at day 4 of EB differentiation 
results in more Tnnt2* cells measured 
by flow cytometry. (B) Differentiation 
of Hopx~ EBs results in fewer Tnnt2* 
cells and fewer beating foci compared 
to Hopx*”~ EBs (day 10). Images from 
three different replicates are shown. 
(C) Gene Ontology analysis from micro- 
arrays done with triplicate samples of 
Hopx“~ versus Hopx*”~ EBs (top 3000 
genes down-regulated, ranked by fold 
change, FDR cutoff = 10%, day 8, 
GOTERM_BP_FAT). (D) Paucity of Tant2* 
cells (arrowheads) in the distal OFT 
Hopx“~ compared to Hopx*”* embryos 
(E9.5). ** P < 0.05; ns., not significant. 
Scale bars: 500 um (B), 50 um (D). 
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(fig. S7C). These data suggest that Hopx represses 
Wnt signaling during cardiogenesis. 

During ES cell differentiation into cardiomyo- 
cytes, Hopx also functions to repress Wnt. KEGG 
analysis of the up-regulated genes in Hopa~’— 
versus Hop2x*’- day 8 EB microarrays confirms 
overrepresentation of the Wnt signaling path- 
way in Hopx”~ cells (P = 14 x 107°). EBs lacking 


Hopx show an increase in Avin2 and significant 
impairment of sarcomere gene expression at day 
8 of differentiation (Fig. 5F). Addition of XAV939, 
a potent inhibitor of Wnt signaling, at day 5 of 
differentiation to Hopx’” EBs restores Axin2 to 
control levels and partially rescues sarcomere 
gene expression. Nkx2-5 is expressed by CPCs, 
and its expression markedly increases over the 


course of cardiac differentiation of EBs (22). 
Differentiating Hopx’”~ EBs, however, fail to up- 
regulate Nkx2-5 normally. Inhibition of Wnt in 
Hopa’’ ~ EBs rescues Nkx2-5 to levels found in 
controls (Fig. 5F). Microarray analysis (table S3, 
n = 3) confirms that expression of multiple sar- 
comere genes is rescued upon Wnt inhibition 
(Fig. 5G; e.g., Myh6, Myh7, Myl7, Myl3, Tnncl, 
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Fig. 5. Myogenesis requires inhibition of Wnt signaling. (A) ChIP-QPCR 
from E9.5 hearts. Wnt2, Wnt4 sites 1 and 2, and Wnt7a demonstrate greater 
than 14x enrichment (red dashed line) over immunoglobulin G (IgG) in all 
replicates (denoted by #, n = 3 replicates). (B) Expression analysis of Hopx”~ versus 
Hopx*”” EBs (day 8). (C) QRT-PCR from littermate E9.5 microdissected hearts. (D) Isil 
(upper panels) and Axin2 (lower panels, RFP expression reflects Axin2 in an 
Axin2TaTom-ERCre“* embryo, sagittal sections) are each coexpressed with Hopx in 
the cardiac OFT. (E) Is{l and Axin2 expression is expanded in Hopx~ [arrowheads 
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point to Isil* and Axin2* cells; middle panels show Axin2 immunohistochemistry (IHC) 
(green), and right panels show RFP IHC in Axin2/rROe* embryos]. (F) QRT-PCR 
analyses of Hopx’”~ day 8 EBs (red) or Hopx~ EBs (green) with either 2.5 uM (orange) 
or 12.5 uM (blue) XAV9B9 (*P < 0.05 in comparison to Hopx~”). (G) Comparison of the 
log>transformed fold change (M) of genes differentially expressed in Hopx~~ versus 
Hopx*”~ EBs (x axis) versus Hopx~ + 12.5 um XAV939 versus Hopx*”~ (y axis) 
(n = 3 samples). Sarcomere-related genes annotated with black dots. Genes above 
the red line are partially normalized by Wnt inhibition. ** P < 0.05. Scale bars, 50 um. 
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Actn2, Actcl). Taken together, these data suggest 
that Hopx repression of Wnt signaling promotes 
cardiomyogenesis. 


Hopx interacts with Smad4. 


We purified Hopx-containing protein complexes 
from E9.5 Hopa*"** murine hearts and iden- 
tified protein components by mass spectrometry. 
Numerous members of the Mi-2/NuRD (nucleo- 
some remodeling deacetylase) complex were iden- 
tified (e.g., Hdacl, Hdac2, Rbbp4/7, MTA 1/2/3, 
and MBD3), consistent with the known associa- 
tion of Hopx with Hdac2 (22). In addition, Smad4 
was identified as a Hopx-interacting protein. This 
finding is of particular interest because Bmp4, 
phospho-Smad1/5/8, and, to a lesser extent, Bmp2 
are expressed in the OFT at E9.5, as we confirmed 
(Fig. 6A and fig. S8A). We confirmed the inter- 
action between Hopx and Smad4: by coimmuno- 
precipitation of both factors overexpressed in 
293Tx cells in the presence of increasing concen- 
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trations of recombinant Bmp4 and performing 
coimmunoprecipitation experiments. An interac- 
tion between Hopx and Smad4 that is dependent 
upon the presence of Bmp4 is detectable (Fig. 6B). 
Further, we confirmed that endogenous Hopx in- 
teracts with an activated Smad complex (Smad4 
and phospho-Smad1/5/8) in coimmunoprecipita- 
tion experiments from E9.5 to E10 whole-embryo 
lysates (Fig. 6C and fig. S8B). 

We have previously determined the structure 
of Hopx by nuclear magnetic resonance (NMR) 
spectroscopy, demonstrating a helix-turn-helix 
motif (22). Residues within the first and second a 
helix that are located close to one another were 
shown to be important for Hopx-mediated tran- 
scriptional repression, as were a distinct cluster 
of residues at the C terminus (shown in green, 
Fig. 6D). We mutated amino acids in the first and 
second helix and at the C terminus and assayed 
whether the mutants could interact with Smad4 


using an in situ proximity ligation assay (Fig. 6, E 


fo) 
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to I). We confirmed expression of Hopx constructs 
(fig. S8, C and D) and specificity of the proximity 
ligation assay (fig. SSE). Consistent with the co- 
immunoprecipitation experiments (Fig. 6B), the 
Smad4 interaction with Hopx is enhanced by 
Bmp4 (Fig. 6, E and F). The Smad4-Hopx interaction 
is diminished by mutation of residues at the C 
terminus of Hopx, but not by mutations in helix 1 or 2 
(Fig. 6, G to I). Consistent with a physical interaction 
between Hopx and Smad4, we detect enrichment of 
Smad4: occupancy by ChIP at Wnt ligand loci that are 
also occupied by Hopx (fig. S8F). 


Hopx integrates Bmp and Wnt signaling 


The data presented thus far indicate that Hopx 
expression defines a cardiomyoblast and that Hopx 
modulates cardiomyogenesis by repressing Wnt 
signaling. Further, Hopx can interact with an acti- 
vated Smad complex. In murine EBs, myogen- 
esis requires inhibition of Wnt and is promoted 
by activation of Bmp (9, 11, 25-27). Hence, we 
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Fig. 6. Hopx interacts with an activated Smad complex. (A) Bmp4 expression in control E9.5 heart (RNAscope in situ hybridization, brown; sagittal section). Inset 
focuses on outflow and inflow tracts. (B) Hopx coimmunoprecipitates with Smad4. in 293Tx cells in a Bmp4-dependent manner (0, 2, 10, 25 ng of Bmp4 per milliliter, 
75% input). (C) Hopx coimmunoprecipitates with Smad4 and phospho-Smad1/5/8 in vivo (E9.5 to E10 tissue lysates, three independent examples of each genotype 
shown, 75% input). (D) NMR structure of Hopx (22) and schema of mutant constructs. (E to 1) Proximity ligation assay using transfected 293Tx cells. Presence of Bmp4 
and transfected plasmids is indicated. Bets representative images from n = 3 experiments shown. Scale bars: 250 um [(A), top] and 50 um [(A), bottom, and (E) to (I)]. 
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sought to determine if Hopx functions to in- 
tegrate Bmp signaling with Wnt repression. 
First, we confirmed that Bmp4 and Bmp2 
levels are unchanged in Hopu’ ~ embryonic hearts 
by in situ hybridization and quantitative real-time 
(QRT)-PCR (Fig. 7A). Protein expression and nu- 
clear localization of Smad4 and phosphorylated 
Smad1/5/8 are also unchanged (Fig. 7A). Once in 
the nucleus, the active Smad complex functions 
to enhance transcription of Bmp target genes such 
as Msi. Control (wild-type) E9.5 cardiac explants 
respond to exogenous Bmp4 by up-regulating 
Mszx1 in a dose-dependent fashion (Fig. 7B). A 
similar response is seen in Hopx’~ explants, in- 
dicating an intact Bmp response system (Fig. 7B). 
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Bmp signaling can result in repression of Wnt 
activity in various tissues, although the mechanism 
has been unclear (28-37). Addition of recombinant 
Bmp4 decreases Avin2 expression in Hopx’”* car- 
diac explants compared to vehicle-treated controls 
(Fig. '7C, white bars). However, Avin2 expression 
in Hop explants is relatively unresponsive to 
Bmp4 (Fig. 7C, black bars). We also tested whether 
Hopx participates in Bmp-mediated Wnt inhibition 
during cardiac differentiation of EBs (Fig. 7D). 
Bmp4: treatment of Hopa’”~ EBs starting at day 5 
results in a 60% decrease in Axin2 by day 10 of 
differentiation compared to vehicle-treated EBs 
(white bars, Fig. 7D). However, Bmp4 minimally 
affects Axin2 expression in Hopa’’~ EBs (black 
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Fig. 7. Bmp signaling represses Wnt. (A) Expression of Bmp4, Bmp2 (in situ hybrid- 
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differentiation with Bmp4. Hopx~”~ explants and EBs failed to repress Axin2 as effectively as 
controls in the presence of Bmp4 [n = 3 for each experiment in (B) to (D)]. (E) Model: A 
“zone of commitment” in the developing OFT. Wnt-activated, Isll* CPCs stream into the OFT 
and are exposed to Bmp signaling. Hopx* cardiomyoblasts are committed to the myocyte 
lineage. **P < 0.05. Scale bars: 100 um. 


bars, Fig. 7D). These data suggest that Hopx is 
required for Bmp-mediated repression of Wnt 
signaling during cardiogenesis. 


Discussion 


Here, we have shown that CPCs that express Hopx 
are irreversibly committed to the myocyte lineage, 
thereby defining progenitor cells that we call car- 
diomyoblasts. Hopx expression not only marks 
cardiomyoblasts, but it also functions to enhance 
cardiomyogenesis by linking Bmp signaling with 
repression of Wnt. A subset of committed myo- 
blasts derived from the FHF express Hen4, which 
is also expressed by endothelial cells during car- 
diac development (32, 33). However, the lack of 
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a definitive marker of a cardiomyoblast has ham- 
pered a detailed analysis of cardiomyocyte com- 
mitment. Our studies provide such a marker and 
reveal that commitment of FHF and SHF CPCs 
occurs at distinct time points and in different 
locations during cardiogenesis. In the SHF, Isl1*, 
Wnt-activated CPCs stream into the OFT from 
the surrounding mesoderm, where they encounter 
local Bmp4 signals. CPCs then express Hopx, down- 
regulate Wnt, and become committed to the 
myocyte fate. Thus, the distal OFT is a “zone of 
commitment” in the developing heart (Fig. 7E). 

Markers of lineage commitment, and the sig- 
nals that modulate lineage decisions, are likely to 
inform regenerative and stem cell approaches for 
cardiac disease. In the hematopoietic system, 
detailed understanding of these processes has 
allowed for definitive identification of various 
progenitor cells of the blood lineages, leading to 
the development of important therapies for hu- 
man diseases (e.g., erythropoietin and granulocyte- 
macrophage colony-stimulating factor). The ability 
to identify committed, but undifferentiated, cardio- 
myocyte precursors may facilitate development 
of cardiac regenerative therapies, including those 
using ES and induced pluripotent stem cells (34). 

Reciprocal signaling between Bmp and Wnt has 
been recognized in multiple progenitor popu- 
lations (28-31, 35). However, the mechanisms 
that coordinate these pathways in progenitor 
cell niches have remained elusive. Our current 
work raises the possibility that Hopx-mediated 
integration of Bmp signaling to repress Wnt may 
be active in other progenitor populations. For 
example, Hopx is expressed by +4 stem cells in the 
intestine (19), where niche Bmp signals repress 
Wht (28, 36). Recent work by the Fuchs labora- 
tory also suggests that balance between Bmp 
and Wnt signaling influences the fate of hair 
follicle cells as they differentiate into various 
progeny lineages (35) and Hopx may play a role 
in this process (18). HOPX is a tumor suppressor 
gene implicated in colorectal and other cancers 
(37, 38). Hijacking of developmental pathways 
is emerging as a potent mechanism of carcino- 
genesis (39). Loss of Hopx in cancer stem cells 
could result in uncoupling of niche-mediated 
Bmp signaling and quiescence through loss of 
Wnt repression. 

Finally, although Hopzx deficiency leads to 
thinned myocardium and cardiac rupture in a 
portion of embryos, cardiomyogenesis is not al- 
together blocked. Inhibition of Wnt signaling in 
SHF cardiomyoblasts is delayed but not com- 
pletely prevented, and some Hopx”~ mice live to 
adulthood. This suggests that, not surprisingly, 
alternative mechanisms reinforce Wnt repres- 
sion independent of Hopx (40). Further insights 
into the mechanisms that coordinate signaling 
in the niche are likely to inform our ability to 
harness the potential of regenerative medicine. 
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Overcoming Kerr-induced capacity 
limit in optical fiber transmission 


E. Temprana,' E. Myslivets,’ B.P.-P. Kuo,’ L. Liu,’ V. Ataie,! N. Alic,?* S. Radic?” 


Nonlinear optical response of silica imposes a fundamental limit on the information 
transfer capacity in optical fibers. Communication beyond this limit requires higher signal 
power and suppression of nonlinear distortions to prevent irreversible information loss. 
The nonlinear interaction in silica is a deterministic phenomenon that can, in principle, be 
completely reversed. However, attempts to remove the effects of nonlinear propagation 
have led to only modest improvements, and the precise physical mechanism preventing 
nonlinear cancellation remains unknown. We demonstrate that optical carrier stability 
plays a critical role in canceling Kerr-induced distortions and that nonlinear wave 
interaction in silica can be substantially reverted if optical carriers possess a sufficient 
degree of mutual coherence. These measurements indicate that fiber information 
capacity can be notably increased over previous estimates. 


igh-capacity optical communication is 

made possible by a nearly ideal physical 

platform: An exceptionally low fiber at- 

tenuation (a = 4.6 x 10° m7) (1) is matched 

by a small nonlinear refractive index (n. = 
2.5 x 10° m? W~) in silica (2). However, over 
sufficiently long transmission distances, this com- 
bination of near-transparency and low nonlin- 
earity still leads to a distributed, Kerr-mediated 
wave interaction that degrades (3) the optical 
signal. The nonlinear impairment has been iden- 
tified as the primary physical mechanism (4-6) 
that imposes a strict limit on the achievable in- 
formation capacity in optical fiber transmission. 
This limit is specific to the optically guided chan- 
nel and has no direct analog in either wireless (7) 
or free-space photon communications (8). At 
present, the fiber capacity limit is engineered by 
compromising between the optical power and 
acceptable nonlinear distortions (5). To reach the 
full potential of this transmission medium, a true 
linear (72 = 0) waveguide should be realized in 
order to suppress the onset of the nonlinear dis- 
tortion. Unfortunately, the latter is an unphysical 
requirement (2). Consequently, a suppression or 
outright cancellation of the nonlinear impair- 
ment in optical fibers is seen as the main chal- 
lenge in multiple disciplines (4-6, 9-12) that are 
hampered by the waveguide’s nonlinear response 
to the propagating electromagnetic waves. Here, 
we demonstrate nonlinear impairment compen- 
sation by inverting the effects of distributed, 
nonlinear interaction among multiple frequency- 
stabilized optical signals. We show that the non- 
linear noise-imposed uncertainty remains the 
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only physical mechanism on the path to Shannon- 
limited fiber communication. 

The precise knowledge of the optical carrier 
frequency is critical for a successful inversion 
of the nonlinear interaction effects. To clarify 
this important requirement, consider the inter- 
action of N copolarized frequency modes in a 
single-mode waveguide, described by a set of 
coupled scalar nonlinear Schrédinger (NLS) re- 
lations (2): 


aA) 1 04, Sf AA oy 
= Lo 
dz Vga) ot iD Hel PH ape | T 


= iy(ail +2), |Anl?) Ant =1,..,N (1) 


meal 


where A, represents the mode complex ampli- 
tude (each having carrier frequency @;), y is 
the nonlinear coefficient, and a, vz; and Bj. are 


the mode attenuation, group velocities, and dis- 
persion orders, respectively. The latter is defined 
by the standard expansion: f; = d™n(o)/do", 
where 7 is the effective waveguide refractive 
index. 

The wave interaction defined by Eq. 1 is deter- 
ministic and stable (23, 14), allowing, in principle, 
for computational inversion of distributed Kerr 
interaction. Indeed, this notion was the basis 
for recent nonlinear cancellation (NLC) efforts 
that solved the inverse-propagating NLS relation 
(15, 16). However, in practice these attempts have 
led to a limited impairment suppression (17-19). 
We note that a separate class of nonlinear miti- 
gation research, not considered here, relies on 
phase conjugation (20, 27) that can rely on free- 
running transmitters. These approaches, however, 
have restricted applicability because they require 
symmetrical power evolution (20), vanishing third- 
order dispersion, or a trade-off of spectral effici- 
ency for performance (27, 22). 

In contrast, the NLC that relies on the Eq. 1 in- 
version faces a fundamental challenge that was 
not addressed in prior experimental studies. 
As predicted by a recent theoretical study (23), 
the NLS inversion requires precise knowledge 
of modal carrier frequencies. During propaga- 
tion, any frequency uncertainty is mapped to 
mode velocity ambiguity via waveguide chro- 
matic dispersion (23), as illustrated in Fig. 1. 
Although Kerr-mediated process is determi- 
nistic, the resulting nonlinear interaction ap- 
pears random and leads to an underestimation 
of the transmission information capacity. In- 
deed, the experimental demonstrations to date 
(7, 18) have relied on uncorrelated (free-running) 
emitters, inherently reducing the modal fre- 
quency (and phase) stability. In this case, the 
carrier frequency uncertainty is transformed 
to a stochastically varying walk-off rate between 
the modes, leading to a diverging inversion of 
Eq. 1. Consequently, the reversibility of multi- 
frequency nonlinear interaction mandates a 
high degree of mutual coherence and the knowl- 
edge of the carrier offset from the absolute 
reference. 


i acorns 


@1 + 9% (t) 


Wo + dW2 (t) 


Ww 


h Fig. 1. Physical mechanism. In propagation, frequency uncer- 
ty tainty of independent carriers (denoted by the gradient-filled 


font) is transformed into time uncertainty by the waveguide 
chromatic dispersion, making the nonlinear interaction appear as stochastic. In contrast, mutually 
coherent carriers (denoted by the solid font) produce consistent deterministic interaction, amenable 


to nonlinear impairment reversal. 
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Recognizing this basic requirement, we de- 
vised NLC experiments to quantify the role of 
mutually correlated emitters. Specifically, the 
carrier frequencies were referenced to a pa- 
rametric frequency comb derived from a single, 
continuous-wave master oscillator (24). In con- 
trast to postcompensation techniques (15-19), 
predistorted channel launch results in signal 
reception that is free from nonlinear modal cross- 
talk (23). The respective input waveforms were 
synthesized by inverting the NLS propagation 
model given by Eq. 1 (25). 

As with any Kerr-mediated interaction, the 
presence of noise limits the ideal distortion 
reversal. Consequently, the NLC compensation 
is demonstrated in two distinct experiments. 
The first experiment illustrates Kerr-inversion 
physics and nonlinear reversal in a pump-probe 
configuration in the absence of noise. Both the 
intense (pump) and weak (probe) waves had a 
high signal-to-noise ratio (SNR) and propagated 
over a short, nearly lossless, highly nonlinear 
fiber (HNLF) segment to guarantee that Kerr- 
induced impairment would dominate over sto- 
chastic, noise-induced distortion. Pump and 
probe waves, separated by 30 nm, were derived 
from the parametric comb source and had SNR 
of more than 40 dB. The pump and probe were 
launched into a HNLF 1100 m in length, with 
nonlinear parameter of 7 W~' km’, dispersive pa- 
rameters B. = 37.9 ps’/km and B, = -0.06 ps*/km, 
and transmission loss o = 0.6 dB/km. This seg- 
ment was specifically selected to guarantee a 
sufficient walk-off between the pump and probe 
and to provide a clear distinction among the 
nonlinear interaction mechanisms. The pump 
beam, centered at 1588 nm, was amplified to a 
power level of 250 mW and was amplitude- 
modulated to achieve strong cross-phase mod- 
ulation (CPM) (2, 3). The signal wave, centered 
at 1558 nm and copolarized with the pump, had 
two orders of magnitude less power (1 mW) and 
was amplitude-modulated, as shown in Fig. 2. 
The weak (probe) wave experienced considera- 
ble distortion (red curve in Fig. 2A) that could 
be completely reversed by NLC in the high-SNR 
regime, erasing any distinction between the 
launched (black) and compensated (green) wave- 
forms (25). This contrast is even more apparent in 
the spectral domain (Fig. 2B). 

In the second experiment, we demonstrated 
the reversal of nonlinear distortion in a three- 
channel coherent wavelength division multiplex 
(WDM) transmission. In this case, the NLC is 
performed in a loop (26) emulating a modern 
communication link: Signal is sent over a total 
distance of 1020 km and re-amplified periodi- 
cally after each span of 85 km of the standard 
single-mode fiber, as shown in Fig. 3. To gauge 
the role of frequency stabilization in the inver- 
sion of Eq. 1, we performed the first measurement 
with lasers with uncorrelated carrier frequen- 
cies. The emitters were modulated at four am- 
plitude levels in each electric field quadrature, 
generating a (two-dimensional) 16-level quad- 
rature amplitude modulation (27) (16-QAM) at 
16 GBaud rate. In this case, the optimal channel 
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Fig. 2. Pump-probe cross-phase modulation compensation. (A) Time domain response. (B) The cor- 
responding spectra with the color-coding scheme from (A). 


launch power was 200 uW (Fig. 4A). The sec- 
ond measurement was performed with mutu- 
ally coherent channels by deriving carriers from 
frequency comb tones centered at 1549.3 nm 
and separated by 25 GHz. Each carrier was 


Fig. 3. Long—interaction 
length experimental 
setup. Recirculating 
loop-based transmis- 
sion setup with recircu- 
lations 85 km in length, 
and comb lines used as 
mutually coherent sig- 
nal carriers. DAC, 
digital-analog converter; 
Rx, coherent receiver. 


independently modulated by synchronized pat- 
terns, imparting real and imaginary parts of 
the electric field defined by inversion of Eq. 1. 
The degree of nonlinear compensation is mea- 
sured by the performance (28) of the central 
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Fig. 4. Long-distance NLC characterization. (A) Received signal quality characterization after propagation for 1020 km. Error bars denote SD. (B) Middle 
channel performance and its variation over 2200 measurements for launch power of 2 dBm per span per channel for four mutual coherence configurations: b1, 
uncompensated nonlinear impairment; b2, NLC with uncorrelated carriers; b3, NLC with two mutually coherent carriers and (middle) one uncorrelated carrier; 
b4, NLC with (all) three mutually coherent carriers. (C) Constellation diagrams for the four mutual coherence configurations from (B). 


channel at the loop output in terms of the Q 
factor 


Qaz = 20 - logio[V2 - erfe""(2- BER)] (2) 


(29) while varying the signal launch powers from 
-9 to 2 dBm, where BER denotes the bit error 
ratio and erfc™ is the inverse error function com- 
plement. The measurements in Fig. 4A clearly 
demonstrate the effective suppression of the non- 
linear interaction: Even after distributed non- 
linear interaction at a distance of 1020 km and an 
order of magnitude increase in the signal launch 
power, transmission quality (Q) is maintained. 
The saturation in performance (30, 31) and its 
eventual decline are attributed to the Kerr- 
induced signal-noise interaction (32) (which is 
an inherent fundamental limit on the achieva- 
ble performance), as well as the limitations of the 
experimental setup. No apparent jitter attributed 
to the Gordon-Haus effect (33) has been noticed 
in the experiments. It is nonetheless important 
to note a critical role of fast arbitrary waveform 
shaping, necessary to launch the inverted NLS 
solution. Electronic generators capable of oper- 
ating over tens of GHz necessary to match a high- 
capacity coherent channel have become available 
only recently (34). 

To further corroborate the critical importance 
of frequency referencing and its impact on the 
nonlinearity compensation ability, we repeated 
the experiment with three frequency-uncorrelated 
(free-running) carriers with linewidths of ~100 kHz 
and with a combination of correlated and un- 
correlated carriers. The latter was realized by 
two comb-referenced channels while substitut- 
ing the middle carrier by a single free-running 
laser. The performance of the system at the 
launch power of 1.6 mW (2 dBm) is shown in 
Fig. 4B, and the resulting constellation di- 
agrams are given in Fig. 4C. The results in Fig. 
4B clearly show that as the level of the mutual 
coherence between the interacting waves is 
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increased (i.e., from the complete lack of co- 
herence for three free-running oscillators, all 
the way to the fully frequency-referenced system), 
a qualitative improvement of the signal restora- 
tion is obtained, fully attesting to the gradual 
increase in the ability of the ensuing nonlinear 
interaction reversal. In particular, relative to the 
fully referenced system, the frequency uncer- 
tainty of only the middle carrier suffices to pre- 
vent a stable nonlinear compensation (Fig. 4B). 
Indeed, we observed a considerable variation of 
the output signal condition that is reflected by a 
widely varying figure of merit accumulated over 
2200 measurements, as shown by the histogram 
in Fig. 4B (inset). [See (25) for additional mea- 
surements with free-running carriers.] 

We note that the phases of the transmitters’ 
paths, although frequency-referenced, were not 
stabilized in the experiment. As a consequence, 
the experimental results serve to corroborate 
the claim from (23) that phase of the carriers 
indeed plays only a minor role in an effective 
NLC. We emphasize that, contrary to the wide- 
spread opinion that nonlinear interaction rever- 
sal is only a matter of computation, our results 
clearly demonstrate that no amount of compu- 
tational complexity can make up for the mutual 
coherence of the modes (in the interaction re- 
versal). Although the second experiment encom- 
passes three interacting modes, it qualitatively 
captures all of the relevant physical effects with 
the exception of polarization mode dispersion, 
whose random time variation will cause a var- 
iation in the nonlinear interaction in time and 
will affect the integrity of the interaction reversal, 
the quantification of which is beyond the scope 
of this report. The extension to higher mode 
counts, as well as to polarization multiplexed 
systems, is straightforward (25). We note that 
information capacity in the strict sense (7) cannot 
be measured experimentally. However, the ex- 
periments attest to the capacity increase beyond 
the currently accepted limits by demonstrating 


reversal of signal-signal interactions, assumed 
to be nonviable in previous information capac- 
ity treatments (4). 

Our findings demonstrate the inversion of 
Kerr-induced interaction among multiple op- 
tical (frequency) modes in an optical fiber. The 
experiments have identified mutual carrier co- 
herence as the critical requirement for substantial 
cancellation of nonlinear transmission effects. 
The compensation method relies on frequency 
comb-referenced carriers and enables an imme- 
diate increase of information capacity (35) and 
transmission reach in fiber communications be- 
yond previously established limit estimates. By 
eliminating the stochastic contribution to Kerr- 
mediated wave interaction, this approach can be 
used to eliminate highly dissipative regeneration 
electronics from fiber networks and completely 
redefine the economy on which the present data 
traffic rests. 
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Quantum spin Hall effect of light 


Konstantin Y. Bliokh,?* Daria Smirnova,” Franco Nori’’?* 


Maxwell's equations, formulated 150 years ago, ultimately describe properties of light, 
from classical electromagnetism to quantum and relativistic aspects. The latter ones 
result in remarkable geometric and topological phenomena related to the spin-1 massless 
nature of photons. By analyzing fundamental spin properties of Maxwell waves, we show 
that free-space light exhibits an intrinsic quantum spin Hall effect—surface modes with 
strong spin-momentum locking. These modes are evanescent waves that form, for 
example, surface plasmon-polaritons at vacuum-metal interfaces. Our findings illuminate 
the unusual transverse spin in evanescent waves and explain recent experiments that have 
demonstrated the transverse spin-direction locking in the excitation of surface optical 
modes. This deepens our understanding of Maxwell’s theory, reveals analogies with 
topological insulators for electrons, and offers applications for robust spin-directional 


optical interfaces. 


olid-state physics exhibits a family of Hall 

effects with remarkable physical properties. 

The usual Hall effect (HE) and quantum 

Hall effect (QHE) appear in the presence 

of an external magnetic field, which breaks 
the time-reversal (7) symmetry of the system. 
The HE induces charge current orthogonal to 
both the magnetic field and an applied elec- 
tric field, whereas the QHE (J) involves distinct 
topological electron states, with unidirection- 
al edge modes (charge-momentum locking), 
characterized by the topological Chern num- 
ber (2). 

The intrinsic spin Hall effect (SHE) can occur 
in J-symmetric electron systems with spin-orbit 
interactions. It produces a spin-dependent trans- 
port of electrons orthogonal to the external driv- 
ing force (3, 4). There is also the quantum spin 
Hall effect (QSHE) (5, 6), which is characterized 
by unidirectional edge spin transport—edge states 
with opposite spins propagating in opposite 
directions. Such topological states with spin- 
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momentum locking gave rise to a new class of 
materials: topological insulators (7, 8). 

Alongside the extensive condensed-matter 
studies of electron Hall effects, their photonic 
counterparts have been found in various optical 
systems. In particular, both the HE (9) and the 
QHE with unidirectional edge propagation (JO, 11) 
have been reported in magneto-optical systems 
with broken 7-symmetry. Furthermore, because 
photons are relativistic spin-1 particles, they 
naturally exhibit intrinsic spin-orbit interaction 
effects, including Berry phase (72) and the SHE 
(13-15) stemming from fundamental spin prop- 
erties of Maxwell equations (J6). 

The only missing part in the above optical Hall 
effects is the QSHE for photons. Recently, it was 
suggested that photonic topological insulators 
can be created in complex metamaterials struc- 
tures (17-19). Here, we show that pure free-space 
light already possesses intrinsic QSHE, and sim- 
ple natural materials (such as metals supporting 
surface plasmon-polariton modes) exhibit some 
features that resemble topological insulators. We 
show that the recently discovered transverse spin 
in evanescent waves (20, 27) and spin-controlled 
unidirectional excitation of surface or waveguide 
modes (22-27) can be interpreted as manifes- 
tations of the QSHE of light. 

Propagating (bulk) free-space modes of Max- 
well equations are polarized plane waves. Introduc- 


ing the complex amplitude E(r) of the harmonic 
electric field E(r,t) = Re[E(r)e“], the plane-wave 
solution with wave vector k = kz is 


E ~ e exp(ikz), e = oX + By (1) 


Here, k& = w/c, e is the complex unit polarization 
vector (jal|? + Bl? = 1), whereas X, y, and Z de- 
note the unit vectors of the corresponding axes. 
The Jones vector &€ = (a,B)" is a three-dimensional 
(3D) spinor, which describes the SU(2) polariza- 
tion state of light. The spin states of propagating 
light are circular polarizations & = (1, +i)7A/2, with 
helicities o = 2Im(a*f) = +1. According to the 
massless nature of photons, the plane-wave spin 
is directed along the wave vector: S = ok/k [we 
consider the spin density per photon in # = 1 units 
(supplementary text)]. 

Generalizing Eq. 1 to an arbitrary direction 
of propagation, the polarization vector becomes 
momentum-dependent: e(k). Namely, it is tan- 
gent to the k-space sphere because of the trans- 
versality condition E - k = 0. This spherical k-space 
geometry underlies the spin-orbit interaction of 
light (72-16). In particular, introducing the he- 
licity basis of circular polarizations e°(k) (6), 
one can calculate the Berry connection A®® = 
~ie® - (Vje° and curvature F°° = Vj. x A° for pho- 
tons. In agreement with the helicity-degenerate 
light-cone spectrum of photons, the Berry curva- 
ture is diagonal, F°° = 5°° F°, and it forms two 
monopoles at the Dirac-point origin of the mo- 
mentum space (12-16): 


This curvature is responsible for the spin- 
redirection Berry phase and the SHE in optics 
(12-16). 

We define the topological Chern numbers for 
the two helicity states C° = oa §F°a?k, where 
the integral is taken over the k-space sphere. The 
Chern numbers are meaningful in systems with 
Abelian Berry phases, such as 2D systems with 
the conserved spin component along the third 
dimension (7, 8, 28). This is also the case for pho- 
tons having Abelian Berry phase, 2D polariza- 
tion on the k-space sphere, and conserved radial 
k-component of the spin (helicity) (29). The mono- 
pole curvature (Eq. 2) yields C° = 2o. The total 
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Chern number C = Pes and the spin Chern 
number Cgpin = me 6C° characterize the pho- 


tonic QHE and QSHE properties (7, 8, 28): 
C=0,Copin = 4 (3) 


The physical meaning of the Chern numbers is 
the number of edge modes with fixed direction of 
propagation. The vanishing total Chern number 
(Eq. 3) reflects the Z7-symmetry of Maxwell equa- 
tions and the absence of the QHE for free-space 
photons. At the same time, the nonzero spin Chern 
number (Eq. 3) implies that free-space light has two 
pairs of QSHE modes—edge counter propagating 
modes with opposite spins. Furthermore, the val- 
ue Cyyin = 4 implies that the topological Z, in- 
variant, associated with the 7-symmetry, vanishes: 
v= Cogn mod2 = 0. This means that surface modes 
of Maxwell equations are not helical fermions (30) 
as, for example, surface states of the Dirac equa- 
tion (31, 32). 

Nonetheless, nontrivial QSHE states of light 
exist, and they are well known. The photonic edge 
states of a bounded segment of free space are 
evanescent waves. For instance, assuming the 
x = 0 boundary, with free space at x > 0, the 


generic evanescent-wave solution of Maxwell 
equations can be written as (27) 


Eevan © Cevan€xp(thz% — Ka), 


Com = OR + BEY ia a (4) 
Here, the spinor & = (a, 8)’ still characterizes 
the wave polarization states. The wave (Eq. 4) 
propagates along the zg axis with wave number 
k., > k and decays exponentially away from the 
boundary with decrement « = ,/k2 — k?. 

One can consider the evanescent wave (Eq. 4) 
as a plane wave with the complex wave vector 
k = k,zZ + ixx. The transversality condition 
E - k = 0 generates the imaginary longitudinal 
g-component in the polarization vector @gyan, 
in contrast to the purely transverse polariza- 
tion e in propagating waves (Eq. 1). This com- 
ponent produces a (2, 2)-plane rotation of the 
electric or magnetic fields and generates un- 
usual transverse spin in evanescent waves (Fig. 1) 
(20, 21). This transverse spin is independent of 
the polarization € and can be written as 


_ Rek x Imk 
(Rek)? 


(5) 


= 


4 


Fig. 1. Transverse spin in evanescent electro- 
magnetic waves. The evanescent wave (Eq. 4) 
propagates along the z axis and decays expo- 
nentially in the x > O semi-space. (Inset) The 


instantaneous distributions of the electric and magnetic wave fields for the case of linear transverse- 
magnetic polarization, § = (1,0)". The cycloidal (x,z)—plane rotation of the electric field generates the 
transverse spin S, (Eq. 5) (20, 21). The sign of the transverse spin depends on the direction of propagation 


of the evanescent wave. 


Fig. 2. Spin and spinor properties A 
of Maxwell and Dirac surface 
modes. (A) Surface modes of 
Maxwell equations propagating 
along the interface between the 
vacuum and a nontransparent 
medium with p = 1, e < -1. These 
surface waves have fixed polariza- 
tion Esut = (1,0) but opposite 
transverse spins S locked to oppo- 
site wave momenta (Eqs. 5 and 6). 
(B) Topological surface modes of 
the Dirac equation at the interface 
between positive-mass and 
negative-mass regions (31, 32). 


Maxwell 


k,<0 S, <0 


Equation 5 demonstrates spin-momentum lock- 
ing, similar to that in the QSHE and 3D topolog- 
ical insulators for electrons (5-8). In particular, 
the z-propagating evanescent waves with k, > 0 
and k, < 0 will have opposite transverse spins 
Sy > OandS, < 0 (Figs. 2 to 4). Thus, any inter- 
face between free space and a medium support- 
ing surface or guided modes with evanescent tails 
(Eq. 4) exhibits counter propagating opposite-spin 
edge modes—the QSHE of light. This is the first 
key point of our work. 

In agreement with Cypin = 4, there are two 
pairs of QSHE modes in free space because the 
evanescent waves (Eq. 4) are double-degenerate 
with respect to the helicities o = +1. However, 
the existence of surface modes in Maxwell equa- 
tions requires a planar interface between the 
vacuum and a medium characterized by a per- 
mittivity « and permeability u. Such interface 
breaks the dual symmetry between the electric 
and magnetic properties: ezu (29). This breaks 
the polarization degeneracy, and only a single 
polarization survives in the surface modes. For 
example, only transverse-magnetic surface waves 
exist at the interface with a medium with p = 1 
and e < -1. Calculating the spectrum, polariza- 
tion, and spin of these surface modes of Maxwell 
equations, we obtain (supplementary text): 


—t* Kesurt  Ssurt = io). 

(Sout) = ogo x, (6) 
Here, Ks; and nm are the unit vectors of the 
propagation direction and the outer normal of 
the medium, respectively, and we calculated the 
mean (integral) spin per one surface-mode par- 
ticle. The momentum-dependent spin (Ssurr) 
originates from the transverse spin (Eq. 5) of 
evanescent waves. 

Equations. 5 and 6 determine the momentum 
locking of the spin S but not of the polarization 
spinor & (Fig. 2A). Polarization specifically cor- 
responds to spin for nonrelativistic electrons, but 
for relativistic particles these are different no- 
tions. The surface modes of Maxwell equations 
have momentum-dependent spin S,,,-¢ but fixed 
spinor sure (Eq. 6). The latter corresponds to the 
trivial Z. invariant v = 0 and shows that surface 


Osurf = 


These modes exhibit locking between their momenta and spinors: Orthogonal polarizations propagate in opposite directions. However, the expectation 
value of their spin vanishes: Scur¢ = O (Supplementary text). 
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metal : mag 


vacuum 


Fig. 3. Dispersion and spin-momentum locking of surface plasmon-polaritons. (A) Dispersion of bulk and surface modes at the vacuum-metal interface. 


SPPs exist inside the gap of the metal bulk spectrum and have spin-momentum locking associated wit 


h the transverse spin (Eqs. 5 and 6). (B) The two- 


dimensional dispersion of the same SPP mode exhibits a vortex spin texture similar to that for surface states of a 3D topological insulator (7, 8). 


Fig. 4. Schematic of experiments demonstrat- 
ing the QSHE of light. The incident y-propagating 
light (green) is coupled to surface modes with eva- 
nescent free-space tails via some scatterer (Such 
as a nanoparticle). Depending on the spin of the 
incident light, Sing = oy (the helicity co = +lis shown 
here by the circular-polarization arrows), surface 
waves with opposite propagation directions Key, = +Z 
are excited (22-27). 


Maxwell modes are bosons rather than helical 
fermions (30). Nonetheless, these modes provide 
the unidirectional edge spin transport (QSHE) 
because of the spin S.y~. Precisely the opposite 
situation takes place in one of the main models 
for 3D electron topological insulators: the Dirac 
equation with surface modes at the interface be- 
tween positive-mass and negative-mass regions 
(Fig. 2B) (31, 32). In this case, spinor-momentum 
locking occurs, which corresponds to the topo- 
logical Z» invariant v = 1. However, surprisingly, 
the expectation value of the spin of the surface 
Dirac modes vanishes because of the mutual 
cancellation of the polarization-dependent and 
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polarization-independent (similar to Eq. 5) con- 
tributions (supplementary text). Thus, one can 
say that surface Maxwell modes exhibit unidirec- 
tional spin transport (QSHE) but with trivial Z. 
spinor properties, whereas the surface Dirac modes 
are topologically protected helical fermions that, 
however, do not transport spin. This is the sec- 
ond key point of our work. 

Optical spin-momentum locking was recently 
observed in several experiments (22-27). An im- 
portant example is provided by surface plasmon- 
polaritons (SPPs) at the vacuum-metal interface 
(33). Real metals are dispersive media with per- 
mittivity e(@) = 1 -— @;/@°, where @, is the plas- 
ma frequency. Metals are optical insulators at 
© < @p, and ate < -1(@ < @,/V2), the vacuum- 
metal interface supports surface Maxwell modes— 
the SPPs (Fig. 3A). The metal becomes transparent 
at © = ®p), with bulk plasmons at @ = m), and 
electromagnetic modes at @ > @,. As shown in 
Fig. 3A, the vacuum-metal interface resembles, by 
using condensed-matter analogies, the interface 
between a semimetal and an insulator. The SPP 
modes demonstrate spin-momentum locking 
(Eqs. 5 and 6) and nonremovable (because of the 
light-cone spectrum in vacuum) spectral degener- 
acy at k = 0, which are typical for electron QSHE 
states. Furthermore, plotting the SPP spectrum 
for a 2D surface of a 3D metal (Fig. 3B), one can 
see the conical spectrum and vortex spin texture 
analogous to those in 3D electron topological in- 
sulators (7, 8), but without the helical-fermion 
spinor properties (Fig. 2). 

A schematic of the experiments (22-27) is 
shown in Fig. 4, revealing spin-controlled uni- 
directional transport in electromagnetic surface 
or guided waves. A transversely propagating free- 
space light beam with the usual spin Sine = oy 
(helicity co = +1) was coupled to the evanescent 
tails of the SPP or waveguide modes via some 
scatterer (such as a nanoparticle or an atom). 
In doing so, the opposite incident-spin states 
Sine = +Y excited the surface or guided modes 
running in the opposite directions: Kyu; = +Z. 
This spin-direction correlation reached almost 


100% efficiency in various systems, independent- 
ly of their details. This proves the universal spin- 
momentum locking in optical surface waves—the 
QSHE of light. 

Thus, we have shown that light has intrinsic 
QSHE features, which arise from the spin-orbit 
interactions of photons. The corresponding spin- 
momentum locking originates solely from the 
basic properties of evanescent waves in Maxwell 
equations and can be observed at any interface 
with the vacuum, which supports surface or guided 
waves. In particular, surface plasmon-polaritons at 
a metal-vacuum interface exhibit features similar 
to those of surface states of topological insulators 
(vortex spin texture at the conical dispersion). 
Because of their trivial spinor structure, surface 
electromagnetic states are not helical fermions 
and are not protected from backscattering. None- 
theless, they do provide robust unidirectional spin 
transport. Our work shows that recent experiments, 
demonstrating highly efficient spin-controlled uni- 
directional excitation of surface or guided modes, 
can be interpreted as observations of the QSHE 
of light. The transverse spin locked to the direction 
of propagation seems to be a universal feature of 
surface vector waves of different nature. It ap- 
pears in Maxwell and Dirac equations, as well as 
in Rayleigh surface waves in elastic media and 
surface-water waves. This offers robust angular- 
momentum-to-direction coupling in various sur- 
face waves as well as analogies and generalizations 
involving quantum and classical wave theories. 
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Atomic gold-enabled 
three-dimensional lithography 
for silicon mesostructures 
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John F. Zimmerman,’ Zongan Wang,’ Qianqian Li,”* Yucai Wang,” Xingi Chen,”* 
Vinayak P. Dravid,”*? David N. Seidman,”** Bozhi Tian’**+ 


Three-dimensional (3D) mesostructured semiconductors show promising properties and 
applications; however, to date, few methods exist to synthesize or fabricate such materials. 
Metal can diffuse along semiconductor surfaces, and even trace amounts can change the 
surface behavior. We exploited the phenomena for 3D mesoscale lithography, by showing one 
example where iterated deposition-diffusion-incorporation of gold over silicon nanowires 
forms etchant-resistant patterns. This process is facet-selective, producing mesostructured 
silicon spicules with skeletonlike morphology, 3D tectonic motifs, and reduced symmetries. 
Atom-probe tomography, coupled with other quantitative measurements, indicates the 
existence and the role of individual gold atoms in forming 3D lithographic resists. Compared to 
other more uniform silicon structures, the anisotropic spicule requires greater force for 
detachment from collagen hydrogels, suggesting enhanced interfacial interactions at the 


mesoscale. 


emiconductors with three-dimensional (3D) 
mesoscale features (J-5) are an emerging 
class of materials, with promising applica- 
tions from stretchable bioelectronics (3) to 
alternative plasmonics and metamaterials 
(6). However, progress in this area has been 
impeded by challenges in chemical synthesis 
(5) and limitations in 3D fabrication methods 
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C, 2, 4, 7). As a result, this area would benefit 
from new synthetic concepts or new components 
in lithography. One place to look for such inspi- 
ration is in biomaterials-based processes, which 
routinely assemble mesostructured materials. 
In the growth of natural hard biomaterials, 
trace amounts of interfacial organic species are 
important components (8), yielding unusual 3D 
biomaterial shapes and properties. The applica- 
tion of trace organic molecules as components 
(e.g., an etching resist) in semiconductor-based 
lithography is hard to achieve, given that semi- 
conductor processing typically involves either 
high-temperature gas-phase or harsh solution- 
phase preparations. However, inorganic species 
are much more stable and can be introduced as 
trace components into various semiconductors, 
as either impurities in the bulk volume (9-11) or 
as diffused species near the surface (12-16), with 
the latter holding great potential in 3D semi- 


conductor lithography, given that surface diffu- 
sion is versatile and more controllable. 

Here we focus on 3D mesoscale lithography 
of silicon (Si) nanowires with diffused gold (Au) 
(13, 14, 17), where Au originates from the nano- 
particle catalyst used for nanowire nucleation 
and elongation [Fig. 1, supplementary materials 
(18), and fig. S1]. Because Au diffusion over Si 
surfaces is pressure-dependent (J6), we first 
adopted periodic pressure modulation during 
Au-catalyzed Si nanowire synthesis to develop 
Au diffusion-induced patterns along nanowire 
sidewalls (figs. S1 to S3), where silane (SiH,) and 
diborane (B,H,) were used as a Si precursor and 
a p-type dopant, respectively. Next, we revealed 
the Au-based patterns with anisotropic wet 
chemical etching in KOH solutions [materials 
and methods (J8) and fig. S4]. The as-grown Si 
structures have rather uniform diameters except 
for periodic swells at the evacuation locations 
(figs. S2 and S3). After etching, we identified 
two Si mesostructures from the same growth 
batch: a type I spicule with platelike nodes and 
a type II spicule with triangle-shaped nodes 
(Fig. 1, A and B). Portions of the nanowire sur- 
faces remained after etching, suggesting that the 
diffused Au acted as an etching resist. Both spic- 
ule structures show gradient, curved, and aniso- 
tropic surface textures. These formations are 
reminiscent of other complex nanowire morphol- 
ogies (19-24) but are also similar to some natural- 
ly occurring hard materials, such as skeletons (8). 

Transmission electron microscopy (TEM) images 
of p-type Si spicules (Fig. 1, C to F, and fig. S5) 
show that type I and type II structures grow along 
the <l11> and <112> directions, respectively. Al- 
though type I is a single crystal, the type II spicule 
has a {111} twin plane (17), which separates sub- 
units o and § (Fig. 1F, TB marks the twin bound- 
ary), as determined by the two sets of diffraction 
spots (Fig. IF, magenta/white and blue/white 
dashed circles) in the selected area electron 
diffraction (SAED) pattern. 

We used scanning TEM (STEM) for tomograms 
of mesostructured Si spicules (78) (Fig. 2, A and B, 
and fig. S6). In addition to the expected structural 
gradient and anisotropy, we revealed convex and 
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concave components in b 


oth types of spicules. 


Combined with the faceted edges observed in TEM 
(yellow dashed lines, Fig. 1, C to E), we constructed 


Fig. 1. Electron 
microscope images 
of type | (A, C, and D) 
and type II (B, E, and 
F) skeletonlike Si 
spicules. (A) and (B) 
SEM images. The 
righthand columns are 
zoomed-in views of 


A TYPE | 


curved anisotropic shells (magenta lines) and 
{111} facets-based polyhedron cores (type I: octa- 
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B, and fig. S7). 
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columns. (C) to (F) 
TEM and SAED 
patterns of type | and 
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[110] (D), [111] (E), and 
(110],,/[110],, (F) zone 
axes. The numbers in 
SAED patterns are dif- 
fraction spots, which 
reveal [111] and 

[112], /[112],, growth 
orientations for type | 
and II structures. 
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Fig. 2. Mesostructured Si spicules show defined motifs, pronounced cur- 
vature, anisotropy, and gradient. (A and B) STEM tomography of type | (A) 


and II (B) spicules, with polyhedron-curved shell models shown on the right. The 
blue and brown arrows in the STEM tomography mark two different concave 
features. The magenta and green arrows in the models suggest “morphogen- 
esis” orientations for the two “tectonic” motifs. (C to F) Isosurfaces [(C) and (D), 
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left], 3D curvature maps [(C) and (D), right], and quantitative analysis of 
gradient [(E) and (F)] in type | [(C) and (E)] and II [((D) and (F)] spicules. The 
segment indices are identical to those in (A) and (B). The numerical values in 
each segment were obtained using Amira 5.5 (FEI Visualization Sciences 
Group). Green and magenta in (C) mark the inside and outside surfaces, 
respectively. SSA, specific surface area. Scale bars in (A) and (B), 200 nm. 
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We analyzed the surfaces (18) and mean curva- 
tures (the average of the two principal curvatures) 
of individual segments (Fig. 2, C and D). We 
confirmed that there were two groups of concave 
and highly curved patches in a type I spicule seg- 
ment (segment IV, Fig. 2C, left)—lower (brown ar- 
rows) and higher (blue arrows) sets—consistent 
with the octahedron model (fig. S8). They are ar- 
ranged with a threefold symmetry and were formed 
from selective etching of the left (Fig. 2A, brown 
arrow) and right (Fig. 2A, blue arrow) domains 
about the central plate, respectively (fig. S8). In 
contrast, a type II spicule segment (segment VI, 
Fig. 2D, left) is capped with {111} planes, and only 
one {110} mirror plane is observed. 3D mean cur- 
vature maps (segment I, Fig. 2, C and D, right) con- 
firm the concave (blue) and convex (red) surfaces 
and show that large mean curvatures concentrate 
at the coupling regions between lateral shells 
and polyhedron cores (Fig. 2, A and B). 


The individual segment volumes and specific 
surface areas (i.e., surface area/volume) generally 
increase and decrease, respectively, from segment 
I to VII in both structures (Fig. 2, E and F, left). 
These facts suggest that etching of Si and the 
corresponding porosity are more significant near 
the Au catalyst. The segment cross-sectional areas 
(Fig. 2, E and F, right; and fig. S9), {112} and {110} 
planes in the type I spicule, and {110} and {111} 
planes in the type II spicule, all generally increase 
from segment I to VII, suggesting a gradient in 
the pattern of etching resistance. The ratios of the 
two cross-sectional areas also change in different 
segments (Fig. 2, E and F, right), indicating non- 
uniform radial evolution of segment geometry. 

To understand the pattern formation mecha- 
nism, we used x-ray photoelectron spectroscopy 
(XPS) to characterize Si surfaces before wet chem- 
ical etching (Fig. 3A). Deconvolution of Au 4f lines 
indicates the presence of two principal Au com- 


ponents in the detectable regime (<10 nm): me- 
tallic Au and intermetallic silicide-like Au (Fig. 3A, 
upper panel). For example, an Au 47/2 peak at 
84.0 eV with a full width at half maximum (FWHM) 
of 1.9 eV indicates metallic Au, whereas the one 
at 85.3 eV with a FWHM of 2.1 eV suggests the 
intermetallic Au species (25). The fact that inter- 
metallic Au yields a notable XPS signal (area ratio: 
intermetallic/metallic ~ 1.068) suggests significant 
Au diffusion and subsequent incorporation into Si 
subsurface regions. To decouple the role of metallic 
Au from the intermetallic one in establishing the 
sculpted structure, we removed metallic Au with a 
standard gold etchant, as confirmed from XPS 
(Fig. 3A, lower panel). The primary sculpted struc- 
tures are maintained after wet chemical etching 
(fig. S10), suggesting that intermetallic Au in the Si 
subsurface plays a major role as an etching resist. 
Using laser-assisted local electrode atom-probe 
tomography (APT), we studied Au together with 
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Fig. 3. Individual Au atoms can induce etching resist effect. (A) XPS 
spectra of modulated structures before silicon etching. Upper panel: Without 
metallic Au removal. Lower panel: With metallic Au removal. Insets show the 
binding energy and FWHM (in parenthesis) of deconvoluted peaks. (B and C) 
APT analysis. (B) Radial Si, B, and Au concentration profiles. (C) 3D chemical 
reconstruction viewed from parallel (upper panel) and perpendicular (lower 
panel) directions to the sample axis (fig. S12), showing the Si/SiO> interface 
(5% of O isosurface, blue/cyan) and Si (blue dots, 50%), Au (red dots, 
100%), and O atoms (cyan dots, 50%). (D) Electrochemical current-voltage 
curves collected using pressure-modulated (black) and pressure-nonmodulated 
(red) Si structures as working electrodes. Metallic Au was removed with a gold 
etchant. The inset shows a device image, where the edge and back side of a Si 
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wafer were passivated with epoxy. Two curves were normalized using the peak at 
—0.595 V. (E) The effect of diborane on spicule morphogenesis and Au diffu- 
sion profiles. Insets show SEM images of the sixth segment with 1:1000 (upper 
panel) and 1:4000 (lower panel) B:Si feeding ratios. Scale bars, 100 nm. (F) 
STEM tomography of an n-type, <112>-oriented Si spicule. The dashed line 
marks the {111} twin boundary (TB) based on its STEM imaging, and arrows 
highlight some exposed {111} facets. P:Si feeding ratio, 1:1000. Scale bar, 
200 nm. (G) Schematic diagram illustrating the patterned interface 
formation. Graded color bands denote Si axial elongation (1, blue), Au depo- 
sition (Ill, orange), and diffusion (Il, pink). The numbers indicate different 
stages during a typical growth period, and dashed lines mark the catalyst/Si 
interfaces at each stage. 
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other elements with subnanometer spatial reso- 
lution (figs. S11 to S15). A proximity histogram 
(Fig. 3B and fig. S13) (18, 26), plotted along the 
spicule radial direction and collected from an 
etching-resistive portion (fig. S11), indicates a Au- 
enriched region localized at the Si/silica interface 
(the Si sidewall). The width of this region is ~7 nm. 
The Au peak concentration is ~370 atomic parts 
per million (ppm), which is less than that of boron 
(B) (~1370 atomic ppm in Si) but is substantially 
greater than the equilibrium Au concentration in 
bulk Si (27) and Si nanowires (17). The enhanced 
concentration of Au in the Si subsurface may be 
due to the kinetic trapping (9) of Au by radially 
deposited Si upon SiH, decomposition. A 3D, atom- 
by-atom chemical reconstruction from a 30 nm x 
30 nm x 20 nm region (Fig. 3C) reveals that Au 
exists mostly as isolated atoms, instead of con- 
tinuous Au films, which are routinely used as 
etch masks for Si. The incorporation of Au atoms 
in a Si matrix also explains the intermetallic Au 
feature in XPS (Fig. 3A). 

Si wet chemical etching involves electron trans- 
fer at the solid/liquid interface (28). To answer 
how Au atoms induce an etch resist effect, we 
performed three-electrode electrochemical mea- 
surements (Fig. 3D) using pressure-modulated 
(black) and conventional nonmodulated (red) 
p-type Si nanowires as the working electrodes 
(Fig. 3D, inset), where bulk metallic Au (Au that 
is not incorporated in Si) was removed with a 
gold etchant. Representative current-versus-voltage 
scans recorded in 5% (weight by volume) KOH at 
room temperature (Fig. 3D) demonstrate that 
the open circuit potential (the potential differ- 
ence between working and reference electrodes 
at the open-circuit state, Vocp) shifted anodically 
(from -1.199 to -1.081 V) when pressure-induced 
Au diffusion was applied, suggesting more dif- 
ficult etching. A passivation potential, ~-0.595V, 
appears in both pressure-modulated and nonmo- 
dulated samples and can be attributed to forma- 
tion of a blocking oxide layer (29). However, in the 


conventional Si nanowire sample (red), we iden- 
tified a shoulder peak centered around -0.785 V, 
which is not apparent in the Au-incorporated Si 
sample (black) and can be ascribed to an electro- 
chemical process at Au-free Si nanowire surfaces. 
Because Au atoms are known to form recombi- 
nation centers in Si, the random Au-based carrier 
traps effectively retard adjacent electron-based 
reactions (28, 29) over the Au-incorporated nano- 
wire shell region. This etching resist effect involves 
a shallow chemical reaction through individual 
atoms and is different from that in traditional 
silicon nitride (Si,,N,,) or Au film-based etching 
masks, where physical blockage by chemically 
inert materials plays a key role. 

We studied the effect of a p-type dopant, BoHe, 
on the spicule morphologies. Results collected 
in <112> Si spicules (Fig. 3E) demonstrate that 
as BoHg feeding increases from 1:4000 to 1:1000 
(B:Si), the areas of Au-atom-decorated shells 
(enclosed in dashed yellow lines, Fig. 3E, inset) 
and the widths along the midline on the remain- 
ing {111} facets (dashed red lines, Fig. 3E, inset) 
increase. Additionally, the midline width versus 
segment plot (Fig. 3E) exhibits typically zero val- 
ues in the segments closer to Au catalysts (phase I), 
followed by a linear increase (phase II, see linear 
fittings, Fig. 3E), and finally a plateau regime 
(phase III). The initial absence of Au-protected 
{111} facets suggests that in <112> Si spicules, 
{113} facets are the major Au deposition zones, 
whereas {111} facets are primarily used for Au 
diffusion and incorporation, which initiate at a 
later stage (figs. S16). The linear advance of the 
interface (i.e., L<t or Lon, where 7 is the seg- 
ment index) in phase II suggests that the pat- 
terned resist formation is a Au/Si reaction-limited 
process (18), because a diffusive one is usually de- 
scribed by nonlinear power laws (L<t%, a < 0.5) 
(12). The plateau indicates the merging of Au- 
incorporated patterns from adjacent segments, 
after which interconnection is achieved. The higher 
feeding ratio of B:Si, 1:1000 (red) versus 1: 4000 


(blue), yields a larger slope (i.e., 37.6 nm per seg- 
ment versus 28.7 nm per segment) and an earlier 
onset (segment 5 versus 9) for the linear regions, 
suggesting that B,H, can promote Au deposi- 
tion, diffusion, and incorporation. A similar be- 
havior was observed in <111> Si spicules, and we 
note that {112} facets are primary Au deposition 
zones (fig. S17). 

We tested the effect of an n-type dopant, phos- 
phine (PH3) (Fig. 3F and fig. $18). STEM tomog- 
raphy (Fig. 3F) displayed a mesostructure with 
less gradient. To achieve optimal growth, we iden- 
tified an ~15°C higher growth temperature than 
when B.H,g was used, consistent with the fact that 
PH; and BH, can inhibit and enhance SiH, de- 
composition (30), respectively. Additionally, we 
needed to use an ~5 times longer evacuation time 
to promote Au coverage, suggesting that PHs is 
less effective than B.H,g in enabling the spreading 
of Au on Si surfaces (figs. S2 and S3) and that such 
spreading is critical for both efficient Au deposi- 
tion and diffusion. Finally, if neither B.Hg nor 
PH; was added (i.e., intrinsic Si), we observed a 
larger number of isolated Au nanoparticles on the 
Si sidewalls (fig. S3), which yielded less-defined 
mesostructures upon etching (figs. S19 and S20). 

We propose a modular deposition-diffusion- 
incorporation mechanism for patterned-interface 
(Figs. 1 to 3 and fig. S15) formation. Initially, the 
Si structure follows vapor-liquid-solid axial growth 
(Fig. 3G, 1). Upon evacuation, the growth stops 
(Fig. 3G, 2), and catalyst instability at a low pres- 
sure (~0.2 Torr) initiates Au deposition (Fig. 3G, 
III, graded orange band) and subsequent diffu- 
sion (Fig. 3G, II, graded pink band). During SiH, 
pressure recovery in the ramp period, the Au 
deposition and diffusion cease (13), while the Si 
growth rate increases (Fig. 3G, I, graded blue band) 
to form a new segment (Fig. 3G, 3). Decomposition 
of SiH, on the Si sidewalls assists robust incorpo- 
ration of Au atoms into the Si subsurface. Iteration 
of this process (Fig. 3G, 4 to 6) generates the 
anisotropic and graded Au/Si interfaces, which 
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Fig. 4. Si spicules interact strongly with collagen hydrogel. (A) Repre- 
sentative F-D curves collected using an individual Si spicule as a probe. Insets 
displace the spicule-based AFM probe at different magnifications. More traces 
are shown in fig. S26. (B and ©) Box-and-whisker plots of forces (B) and work 
(C) required to detach Si spicules (black), un-etched Si nanowires (red), 
diameter-modulated Si nanowires (blue), and nanoporous Si nanowires (purple). 
Half of the data points are within the box, and 80% are within the whiskers. Solid 
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and dashed lines mark the median and mean, respectively. The dots represent 
maximum and minimum values. The means of detachment force are 4.16 nN 
(mesostructured spicule), 0.455 nN (un-etched nanowire), 1.03 nN (modulated 
nanowire), and 0.827 nN (nanoporous nanowire). The means of detachment 
work are 20.0 fJ (mesostructured spicule), 1.39 fJ (un-etched nanowire), 2.86 fJ 
(modulated nanowire), and 2.15 fJ (nanoporous nanowire). n = 50 F-D curves per 
probe, and numbers above bars indicate the P value of the Mann-Whitney test. 


sciencemag.org SCIENCE 


RESEARCH | REPORTS 


still shows decent resist quality after 10 months 
of storage in air (fig. $21). This proposed mech- 
anism is further corroborated by the fact that (i) 
B-doped nanowires grown without pressure mod- 
ulation only yielded uniform etching structures 
(fig. S22) (18,19); Gi) intentional gold diffusion 
only at the end of p-type nanowire synthesis also 
yielded etch resist (fig. S23); (iii) diffused Au did 
not recruit B (figs. $14 and S15), which is known 
to affect Si etching; and (iv) possible B incorpo- 
ration directly from the gas phase is along the 
spicule radial direction, which is orthogonal to 
the direction for resist formation. Overall, we 
showed that dopant incorporation or nanowire 
initial morphology itself cannot yield the observed 
complex structures. The curvatures of the final 
spicules are defined by the shapes of patterned 
resists, curved catalyst/Si interfaces, crystallogra- 
phic orientations, and etching conditions (fig. 
$24). The initial isolated Au nanoparticles play 
multiple roles, such as catalyzing Si growth, de- 
fining edge curvature, and supplying diffused Au 
atoms and clusters (fig. S25). Finally, we note that 
because metal diffusion along semiconductor 
surfaces is general, as in GaP-Au (75), GaAs-Au (15), 
and Si-In/Sn (0) systems, a similar patterning and 
lithography approach may be applied in other 
semiconductors. 

The anisotropic mesoscale texture of Si spicules 
suggests that they may have different inter- 
actions with surrounding matrices such as hydro- 
gels or biological tissues, as compared to other 
more isotropic Si structures such as diameter- 
modulated nanowires (78, 19). To test this possi- 
bility, we first mounted single mesostructured Si 
spicules (<112>-oriented, p-type) onto atomic 
force microscopy (AFM) cantilever tips with a fo- 
cused ion-beam system (Fig. 4A, inset). Next, by 
approaching/retracting the spicules to/from col- 
lagen type I hydrogel [materials and methods in 
(18) and fig. S26], we were able to monitor the 
force and work of the spicule-matrix interactions 
in both the forward and reverse directions. For 
each recording, we chose a fresh location over the 
hydrogel surface. To study the effects of probe ge- 
ometry and surface, we performed control measure- 
ments (figs. S26 and S27) with an un-etched Si 
nanowire, a uniform diameter-modulated Si nano- 
wire (18, 19), and a nanoporous Si nanowire (18). 
A representative force-distance (F-D) curve recorded 
from the Si spicule probe exhibits a detachment 
force of ~3.9 nN and a detachment work of ~15.6 fJ 
(Fig. 4A). Statistical analyses of F-D measure- 
ments with the single Si spicule and different Si 
nanowire probes (Fig. 4, B and C; 2 = 50 F-D curves 
per probe) demonstrates that the anisotropic 
mesostructure, rather than surface area or nano- 
scale roughness, yields a major enhancement in 
detachment force and detachment work (figs. 
$26 and S27). The observation that the aniso- 
tropic spicule requires the largest detachment 
force from collagen is reminiscent of natural sys- 
tems, such as a bee’s stinger, which can become 
rooted in skin. This suggests the potential of 
adopting mesostructured Si spicules for building 
tight junctions with other soft materials, such as 
in tissue-interfacing adhesives or bioelectronics. 
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HIGH-PRESSURE PHYSICS 


Direct observation of an abrupt 
insulator-to-metal transition in 
dense liquid deuterium 


M. D. Knudson,"* M. P. Desjarlais,’ A. Becker,” R. W. Lemke,’ K. R. Cochrane,’ 
M. E. Savage,’ D. E. Bliss,’ T. R. Mattsson,’ R. Redmer” 


Eighty years ago, it was proposed that solid hydrogen would become metallic at sufficiently high 
density. Despite numerous investigations, this transition has not yet been experimentally 
observed. More recently, there has been much interest in the analog of this predicted metallic 
transition in the dense liquid, due to its relevance to planetary science. Here, we show direct 
observation of an abrupt insulator-to-metal transition in dense liquid deuterium. Experimental 
determination of the location of this transition provides a much-needed benchmark for 
theory and may constrain the region of hydrogen-helium immiscibility and the boundary-layer 
pressure in standard models of the internal structure of gas-giant planets. 


n 1935, Wigner and Huntington (J) were 
the first to predict that when squeezed to 
sufficiently high density (p) and pressure 
(P), hydrogen would undergo a density- 
driven transition from an insulating, molecular 
solid to a conducting, atomic solid. Subsequently, 
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this fundamental question of precisely how and 
at what P hydrogen metallizes at low temper- 
ature (T) has become one of the longest-standing 
open questions of high-pressure physics (2). More 
recently, there has been much interest in the 
analogous molecular insulator to atomic metal 
transition in the liquid at low T just above the 
melt line, largely due to its relevance to plane- 
tary science (3, 4). A metallization transition in 
this region could provide a constraint for the 
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low-P boundary of the region of hydrogen-helium 
immiscibility; first-principles calculations suggest 
that hydrogen metallization acts as a catalyst for 
hydrogen-helium demixing (5). This phenomenon, 
resulting in an additional energy source through 
latent heat and gravitational settling of helium, 
may play an important role in the evolution of 
the gas giants and has been proposed as a pos- 
sible solution to the luminosity problem of Sa- 
turn (3, 4). This phenomenon could also provide 
justification for the presence of a layer bound- 
ary in the interior of gas-giant planets, a neces- 
sary feature of the often-used three-layer model 
(6), which has shown reasonable success in de- 
scribing observables of Jupiter and Saturn (7). 

Experimental observation of this transition would 
also provide a benchmark for first-principles theo- 
retical models of this phenomenon that fall into 
the category of density functional theory (DFT) 
within the generalized gradient approximation 
(GGA). Studies (8-70) using semilocal density func- 
tionals (DF), such as Perdew-Burke-Ernzerhof 
(PBE) (1), suggest the presence of a first-order 
liquid-liquid, insulator-to-metal transition (LL-IMT). 
The transition boundary in pressure-temperature 
(PT) space ends in a critical point at ~1500 to 
2000 K, with negative slope (d7/dP) between 
~2000 and 800 K and ~100 and 200 GPa (Fig. 1). 
This transition is predicted to be a p-driven dis- 
sociative transition in the liquid and appears sim- 
ilar to the so-called plasma phase transition (PPT) 
suggested to exist as a first-order transition in 
the partially ionized plasma domain at finite T 
(12, 13). However, the DFT simulations predict this 
transition in the dense liquid at considerably 
lower T and higher P, analogous to the long-ago 
proposed IMT in the solid (/, 2). 

More recent studies (14, 15) have looked at non- 
local functionals such as the hybrid Heyd-Scuseria- 
Ernzerhof (HSE) (/6) and the van der Waals 
vdW-DF2 (17), as well as nuclear quantum ef- 
fects (NQE) through the use of path integral 
molecular dynamics (PIMD) methods. We inves- 
tigated vdW-DF2 and a second van der Waals 
functional, vaW-DFI1 (78, 19). These nonlocal DFs 
predict a transition P between ~200 and 400 GPa 
(Fig. 1) and also exhibit a critical point at ~2000 K 
(18). A phase boundary as high as ~400 to 600 GPa 
has been predicted using quantum Monte Carlo 
(QMC) techniques (20). Although all of these first- 
principles approaches exhibit a first-order LL-IMT 
in the warm dense fluid, the transition P and p 
are extremely sensitive to the choice of method 
and DF. This results in a predicted transition P 
that differs by as much as 400 to 500 GPa and ap 
at the transition of ~0.75 to 1.5 g/cc for hydrogen 
and ~1.5 to 3 g/cc for deuterium (figs. S19 and S20). 

Earlier shock-wave reverberation experiments 
observed a continuous IMT via electrical con- 
ductivity measurements at ~140 GPa (measured) 
and ~3 kK (calculated) (27-23). In a similar P 
(calculated) and T (calculated) range, another 
group reported observation of an increase in p 
in conjunction with the continuous increase in 
conductivity (24). The IMT has also been ex- 
plored in the predominately 7-driven regime 
(~40 to 100 GPa and ~5 to 20 kK) through pre- 
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compressed laser-shock experiments (25, 26). How- 
ever, these results are at considerably higher 
T, above the predicted critical points reported 
in the first-principles studies (figs. S19 and S20). 
High-P studies of the solid hydrogen phase dia- 
gram have not reported metallization (2, 27). 
Static measurements have interpreted plateaus 
in the 7-laser power curve as an observation of 
latent heat of a LL transition (28). However, the 
source of these plateaus could be due to changes 
in thermal conduction or the optical properties of 
the sample instead of a first-order transition (29). 

Here, we present the results of a series of dy- 
namic compression experiments on liquid deu- 
terium performed at the Sandia Z machine (30), 
a pulsed-power generator capable of producing 
large pulsed currents (~20 MA) and magnetic field 
densities (~10 MG) within a low inductance load. 
These current and field densities produce magnetic 
pressures of several hundred GPa. The pulsed 
nature of the experiment allows inertia to hold the 
load assembly together for the duration of inter- 
est. With proper design of the experimental con- 
figuration and precise current pulse shaping, 
liquid deuterium samples were driven to more 
than 300 GPa while remaining below 1800 K. 
These experiments show a dramatic increase in 
reflectivity of the deuterium samples, indicative 
of an abrupt increase in conductivity between 
280 and 305 GPa. We interpret this signal as 
evidence of an abrupt, p-driven LL-IMT. 

Liquid deuterium samples were condensed in 
a cryocell (Fig. 2 and fig. S3) by filling a cavity 
with high-purity deuterium gas at 124 kPa (18 
pounds per square inch) and cooling the cryocell 
to 22.0 + 0.1 K, producing a quiescent liquid 
sample with nominal initial p of 0.167 g/cc (+0.4%). 
The cryocell was positioned a short distance from 
an aluminum electrode. Upon discharge of the 


Fig. 1. Deuterium PT 
diagram. Melt line, 
(9). Theoretical LL-IMT 
phase boundaries: 
Black line, PBE (9); 
short dashed black 
line, PBE+PIMD (15); 
dashed green line, 
vdW-DF1+NQE for 
deuterium (this work); 
orange line, vdW-DF2 
(this work); dashed 
orange line, vdW-DF2 
+NQE for deuterium 
(this work). Experi- 
ment: gray triangles 
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PT paths from this 
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accelerator capacitor banks, a shaped current pulse 
flowed through the experimental load. The initial 
increase in current accelerated the electrode across 
the gap, producing a shock within the front plate of 
the cryocell at impact, resulting in a series of shock- 
wave reverberations that stepwise-loaded the deu- 
terium sample to ~800 to 1400 K, depending on 
the experiment. The subsequent increase in current 
drove a ramp compression wave into the cryocell, 
further compressing the deuterium sample along 
an isentrope to peak P and p of more than 300 GPa 
and 2 g/cc. Varying the magnitude of the initial 
shock enabled access to different T isentropes, 
allowing a range of PT space to be explored. 

The liquid deuterium samples were diagnosed 
using fiber-optic-coupled diagnostics. A velocity 
interferometer (VISAR) (37) measured the velocity 
of the aluminum/deuterium and the deuterium/LiF 
interface (reflecting off an aluminum coating on 
the LiF window), using 532-nm laser light. Spec- 
trally and temporally resolved reflectivity was 
measured using a spectrometer (450- to 650-nm 
bandwidth) coupled to a streak camera. The inter- 
ferometer signal from the deuterium sample (Fig. 2) 
originally reflecting off the aluminum/deuterium 
interface is lost at ~2650 ns (~120 GPa). The signal 
suddenly reappears at ~2800 ns (~280 GPa), 
only to abruptly disappear again upon decom- 
pression at ~2880 ns (as P drops below ~280 GPa). 
In contrast, the interferometer signal reflecting 
from the deuterium/LiF interface is maintained 
throughout the experiment, albeit with a tran- 
sient drop at ~2780 to 2800 ns that slightly pre- 
cedes the reemergence of the signal originating 
from the aluminum/deuterium interface. 

The spectral dependence of the reflected signal 
was obtained by determining the relative reflec- 
tivity with respect to aluminum (78) as a function 
of wavelength and time (Fig. 3). Before the loss of 
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nearly horizontal solid lines, the result of stepwise loading (shock reverberation) followed by ramp 
compression. The colored squares at ~120 to 150 GPa indicate where the deuterium is observed to 
become opaque as the band gap closes to ~2.1 eV. The shaded red region indicates the experimentally 
determined location of the LL-IMT. Open circles denote the estimated T at the phase boundary, 
neglecting any latent heat, and the closed circles include an estimate of the latent heat obtained by 
matching isentropes on either side of the phase boundary through thermodynamic integration using 
the vdW-DF2 functional (18). See (18) for an expanded version of this figure. 
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signal at ~120 GPa, the reflectivity ratio is essen- 
tially unity, indicating that the reflection is oc- 
curring at the aluminum/deuterium interface (i.e., 
the deuterium is transparent). Upon reappearance 
of the signal at ~280 GPa, a reflectivity ratio of just 
over 60% is observed throughout the visible 
range of 450 to 650 nm (1.9 to 2.75 eV) (Fig. 3C). 
DFT simulations of aluminum at these conditions 
(~1000 K and ~300 GPa) suggest an aluminum 
reflectivity in this wavelength range of ~72% (fig. 
$8). This implies an absolute reflectivity measure- 
ment in these experiments of ~45% in this wave- 
length range, consistent with DFT calculations for 
the atomic fluid phase of hydrogen (fig. S6). 
This behavior suggests that, as deuterium is 
compressed above ~120 GPa, it loses transpar- 
ency, indicating that the band gap closes to ~2 to 
2.5 eV, resulting in strong absorption in the visi- 
ble spectrum. The inferred band gap from a re- 
analysis of the Weir et al. experiments (21-23) is 
consistent with this picture (fig. S17B). Further- 
more, DFT simulations of deuterium suggest a 
sharp increase in the absorption coefficient at a 
photon energy corresponding to the band gap. 
The band gap decreases with increasing P and 
drops below ~2 to 2.5 eV at ~125 to 150 GPa (fig. 
89), in reasonable agreement with the experimen- 


tal observations (fig. S10). Upon further increase 
in P, the observed sharp increase in deuterium 
reflectivity is indicative of an abrupt IMT. Con- 
sistent with DFT simulations in the metallic fluid, 
the observed reflectivity (Fig. 3C) is featureless 
over a broad energy range (1.9 to 2.75 eV). This 
increase in reflectivity in the visible is concurrent 
with a dramatic increase in the calculated DC 
conductivity. The observed absolute reflectivity of 
~45% suggests DC conductivity of a few 10° S/m 
(fig. S7), the same magnitude as that observed by 
Weir et al., albeit at considerably higher T. 

The thermodynamic state of the bulk deuterium 
sample was determined through the measured 
apparent velocity at the deuterium/LiF interface 
and numerical simulations. Given the mechanical 
and optical response of LiF, one can determine P as 
a function of time, t [P(Q)], which does not depend 
upon the deuterium equation of state (EOS), to a 
precision of ~2 to 3% at the aluminum/deuterium 
interface (78). The resulting P(¢) in the deuterium 
also provides 7(é) and p(f) for a given deuterium 
EOS. We performed this using the KerleyO3 EOS 
for deuterium (32) (figs. S11 and S12). The result- 
ing PT paths show the majority of the T increase 
occurring during the first several shock reverbera- 
tions (Fig. 1 and fig. S12). This happens well within 
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Fig. 2. Experimental profiles. Measured apparent velocities (left axis) from the deuterium sample, 
originally reflecting from the aluminum/deuterium interface (green line) and the reflective coating on the 
deuterium/LiF interface (black line). Data correspond to the green PT path in Fig. 1. Also shown are the 
magnitudes of the interferometer signals from these locations (right axis). The interferometer signal 
from the deuterium sample is lost as the deuterium becomes opaque due to the band gap closing to 
~2.33 eV (the photon energy of the laser), recovers as the deuterium is driven across the IMT, and finally 
is lost again as the deuterium P drops back below the IMT. The interferometer signal at the deuterium/LiF 
interface is maintained throughout the duration of the experiment but shows a transient loss of contrast 
immediately before metallization, indicating the presence of spatial heterogeneity in velocity and, likely, 
p. Inset shows a schematic view of the experimental load (18). 
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the molecular fluid phase at relatively low P and p, 
where the Kerley03 EOS (32) reasonably reproduces 
Hugoniot measurements of deuterium (33, 34). 

DFT simulations suggest that dissociation be- 
comes important at higher P and p (2). The KerleyO3 
EOS may not accurately describe the warm dense 
fluid in this region because it uses the chemical 
model representation, so we only rely on the EOS to 
calculate the state of the sample through the shock- 
wave reverberation portion of the experiment (up to 
100 GPa). Further increases in 7 are modeled using 
DFT calculations with the vaW-DF2 functional 
(Fig. 1 and fig. $15). Although the initial trajec- 
tory of the DFT isentropes is similar to that of 
Kerley03, the increase in T with P begins to dimi- 
nish, eventually becoming negative as the transi- 
tion P is approached. This behavior is due to the 
emergence of dissociation, indicating that ap- 
preciable dissociation occurs before the first order 
LL-IMT. Despite exhibiting differences in 7(P) 
along the isentropes, p(P) for the various DFT func- 
tionals and the Kerley03 EOS are quite similar, 
varying by only a few percent (18), reaching ~2.14 g/cc 
(~12.8-fold compression) at 320 GPa (fig. S13). 
Thus, despite not having a direct p measurement 
in these experiments, the measured P(¢) provides 
an accurate estimate of p(Z). 

Several features become apparent when con- 
sidering the observed optical changes with respect 
to the thermodynamic state of the deuterium sam- 
ple (Fig. 4). The small but measurable increase 
in reflectivity that precedes the abrupt reflectiv- 
ity increase appears to coincide with the tran- 
sient drop in the interferometer signal from the 
aluminum/LiF interface (Fig. 2). This drop in 
signal is due to a transient loss of contrast in the 
interferometer system and is explained by the 
presence of velocity dispersion in the Doppler- 
shifted light (78). The results observed in these 
experiments are consistent with ~1% peak velocity 
dispersion (fig. S14), indicating a transient spatial 
velocity heterogeneity immediately before the sub- 
stantial increase in reflectivity. This behavior sug- 
gests a small (~1 to 2%) p discontinuity between 
the molecular and atomic fluid, indicative of a first- 
order transition and the emergence of dissocia- 
tion before the abrupt increase in reflectivity. 

The asymmetry in the deuterium reflectivity 
with P (Fig. 4) is likely explained by the effects of 
thermal conduction. The observed reflectivity 
signal emanates from the deuterium/LiF inter- 
face, within a few hundred angstrom optical depth 
(18). Hydrodynamic simulations of the experimen- 
tal configuration indicate a AT between the bulk 
deuterium and LiF of between 800 and 1400 K, 
depending on the experiment; deuterium is con- 
siderably more compressible than LiF, resulting 
in a much higher T with compression (fig. S15). 
Because both the molecular fluid and the LiF are 
poor thermal conductors, the interface T before 
metallization will be somewhere near the aver- 
age T of the bulk deuterium and LiF, and a ther- 
mal gradient in the deuterium of several hundred 
K will develop. Upon metallization, the thermal 
conductivity of the atomic fluid will increase by 
roughly two orders of magnitude (as determined 
by vdW-DF2), and the thermal gradient will rapidly 
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diminish as the entire deuterium sample approaches 
the bulk deuterium T (fig. S16). Therefore, consistent 
with observation, the change in reflectivity should 
appear sluggish as P increases and rather sharp as 
P drops. Due to these effects, the clearest indica- 
tion of P at the transition boundary corresponds 
to the abrupt drop in reflectivity upon release in P. 

The oscillatory behavior of reflectivity upon 
further release in P is not fully understood. However, 
the oscillations are suggestive that the PT path in 
the experiment is not truly isentropic across the 
transition. If the transition were indeed first- 
order, it would not be unexpected in a dynamic 
experiment for the system to traverse the tran- 
sition nonisentropically. Furthermore, the effects 
of thermal conduction at the deuterium/LiF in- 
terface may offset any T increase due to latent 
heat (fig. S16D), resulting in a PT path for deu- 
terium near the interface that is more like an 
isotherm than an isentrope (J8). Either of these 
effects could set up transient features that would 
oscillate as waves reflect back and forth across 
the sample cell, which at these conditions is on 
the order of 10 um in thickness. 

Given that the clearest signature of the tran- 
sition is upon release in P, there is a complication 
in estimating T at the transition due to the latent 
heat. Because we cannot definitively state that 
the observed transition is first-order, nor can we 
conclude that a first-order transition would be 


traversed isentropically in such a dynamic exper- 
iment, we consider two extremes. As an upper 
bound for 7 at the transition, we consider T along 
the isentrope at P that coincides with the abrupt 
drop in reflectivity, neglecting any latent heat. As 
a lower bound, we use first-principles DFT sim- 
ulations using the vdW-DF2 functional to esti- 
mate the latent heat across the transition through 
thermodynamic integration (78). The resulting 
bounds are connected by vertical lines in Fig. 1. 
We note that the effect of thermal conduction 
at the interface is a further complication in 
determining 7 at the transition. The AT between 
the bulk deuterium 7 and the interface T as P 
drops back across the transition can be a few 
hundred K for reasonable values of thermal con- 
ductivity of deuterium and LiF (fig. $16). This 
uncertainty would potentially result in a uniform 
shift in the boundary shown in Fig. 1 to lower 
T. Given the relative steepness in d7/dP of the 
experimentally determined boundary, the uncer- 
tainty in T does not result in an appreciable 
uncertainty in the boundary location in PT space. 
With relatively weak dependence on 7, as liquid 
deuterium is compressed to high P the band gap 
begins to decrease, reaching ~2 to 2.5 eV at ~120 
to 150 GPa. The inferred band gap from a re- 
analysis of the Weir et al. experiments (21-23) is 
consistent with this picture. This vicinity where 
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Fig. 3. Spectral and temporal dependence of reflected signal. (A) Mea- 
sured reflectivity with respect to aluminum reflectivity versus both wave- 
length and time. Data corresponds to the magenta PT path in Fig. 1. (B) Line- 
out of reflectivity with respect to aluminum reflectivity (average over 570 
to 610 nm, ~2.1 eV) versus time, showing that, early in time, the reflected 
signal originates at the aluminum/deuterium interface. Later in time, the 
deuterium becomes opaque as the band gap closes to ~2 to 2.5 eV and 
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phase (18). 


broadband light is very close to where Dzyabura 
et al. (28) report the observation of latent heat in 
their experiments. Attenuation of light as the 
band gap begins to close, with stronger absorp- 
tion at higher photon energies, might explain the 
observed plateau in the T-laser power curve. 
Upon further compression, signs of dissociation— 
as evidenced by the onset of reflectivity and the 
appearance of heterogeneity in velocity and, pos- 
sibly, p—emerge at ~230 to 250 GPa. Finally, a 
very abrupt increase in reflectivity is observed at 
~280 to 305 GPa, indicative of an IMT. The rel- 
ative insensitivity of the transition to T suggests 
that this is a p-driven transition occurring at ~2 
to 2.1 g/cc in deuterium. Although we cannot 
definitively state that this transition is first-order, 
the abruptness of the transition, the observed 
heterogeneity preceding the transition, and the 
transient oscillations in reflectivity upon release 
in P back across the transition all suggest that 
the transition is indeed first-order. 

It is instructive to compare and contrast the 
present study with that performed by Weir et ai. 
(21, 22). Both studies used dynamic compression 
to reach the high-p, low-T region of the hydrogen 
phase diagram. Weir et al. were constrained by 
achievable end states in shock-wave reverbera- 
tion experiments. By combining lower initial shocks 
with subsequent ramp compression, we were able 
to reach both higher p and lower T. Both studies 
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eventually reflective as the deuterium is driven above the IMT. Upon release 
back below the IMT, the reflectivity is lost. (©) Line-out of deuterium ref- 
lectivity with respect to aluminum reflectivity (average over 2800 to 2820 ns, 
during peak compression) versus wavelength, showing a featureless ref- 
lectivity ratio of over 60% throughout the visible spectrum. This corre- 
sponds to an absolute reflectivity of deuterium of ~45% in the metallic fluid 
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measured P and relied on a deuterium EOS and 
numerical simulation to infer p and T. Weir et al. 
measured the DC conductivity at the end state 
of the shock reverberation and had to perform 
numerous experiments, each at subsequently 
higher p and 7, making it difficult to isolate the 
relative contribution of p and T to the observed 
gradual increase in conductivity. By directly ob- 
serving the deuterium sample throughout the 
experimental duration, we were able to monitor 
the optical properties of deuterium as a function 
of p at relatively constant T (Fig. 1). Our exper- 
iments reveal a very abrupt increase in optical 
reflectivity correlated with an equally abrupt in- 
crease in DC conductivity (as demonstrated in 
the corresponding DFT calculations), reaching 
values similar to those reported by Weir et al. 
The relative T insensitivity of this abrupt increase 
supports our assertion that, at the low T achieved 
in these experiments, deuterium undergoes a 
p-driven transition to a metallic fluid. 

In this regime, the measured LL-IMT bound- 
ary P is well above the first-principles GGA pre- 
dictions, well below the recently proposed QMC 
boundary, and is in best agreement with the two 
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nonlocal van der Waals functionals. However, 
the experimentally determined d7/dP is much 
steeper. At the lowest T (~800 to 1000 K), the 
observed transition P is more consistent with the 
vdW-DF1 functional. This is in accordance with 
the suggestion that the vdW-DF1 functional is 
more accurate due to better agreement with 
QMC calculations at 0 K (35). However, our re- 
sults at higher 7 suggest that this favorable 
comparison at 0 K may not hold at finite 7. At 
higher T (~1800 K), the observed transition P is 
somewhat higher than that predicted by the 
vdW-DF2 functional. This behavior is similar to a 
detailed comparison of the various DFs with the 
Weir et al. (21, 22) experiments, which probe the 
IMT at ~3000 K (fig. S18). Finally, Morales et ai. 
(15) has shown good agreement between mea- 
sured reflectance from precompressed laser-shock 
experiments (25, 26) that probe the IMT at even 
higher T (~5 to 20 kK) to reflectance calculated at 
the relevant PT conditions using the vdW-DF2 
functional. All of these comparisons suggest that 
the IMT is best described by the nonlocal van der 
Waals functionals, with perhaps a more complex 
T dependence, especially at low T (figs. S19 and S20). 
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Fig. 4. Reflectivity versus P. Measured deuterium reflectivity with respect to aluminum reflectivity (from 
the interferometer) versus P for each experiment. (A to D) denote the highest- to lowest-T experiments, 
respectively. Colors correspond to the PT paths displayed in Fig. 1. T indicated in each panel corresponds to 
the estimated T at the phase boundary, neglecting any latent heat. All experiments show an asymmetry in 
the deuterium reflectivity with P; the drop in reflectivity upon P release is considerably sharper than the 
increase in reflectivity upon compression. This asymmetry, which is more pronounced at lower T, is likely 
due to the effects of thermal conduction (18). All experiments also show a small but measurable reflectivity 
that precedes the abrupt reflectivity increase, which again is more pronounced at lower T. Finally, all 
experiments show oscillatory behavior of the reflectivity upon further release of P below the IMT boundary. 
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In contrast to the gradual, continuous tran- 
sitions observed in previous higher-7 dynamic- 
compression experiments (2/, 22, 25, 26), we 
observe an abrupt LL-IMT at ~300 GPa and ~2 
to 2.1 g/cc at low T. These results place a tight 
constraint on P and p of this transition in a 
regime that is strongly p-driven, is predicted to 
be first-order, and where the largest differences 
are observed for various first-principles methods 
and DFs. Furthermore, our results suggest why 
metallization has been challenging to observe in 
the solid, because the likely transition P exceeds 
what is currently achievable with static compres- 
sion methods with hydrogen. Finally, these re- 
sults imply that first-principles methods using 
semilocal DFs such as GGA considerably under- 
estimate P for the LL-IMT in hydrogen at low T. 
Consequently, estimates for the low-P boundary 
of the region of hydrogen-helium immiscibility, 
which have been calculated using GGA (5), are 
likely also considerably underestimated. In addi- 
tion to providing insight into one of the longest- 
standing open questions of high-pressure physics, 
our measurement of the metallization P of hy- 
drogen in the warm dense liquid suggests that 
the low-P boundary of the immiscibility region 
should be at or above ~300 GPa. This boundary 
location will affect the fractions of Saturn and 
Jupiter that are thought to lie within the im- 
miscibility region and will likely alter our un- 
derstanding of the structure and evolution of 
these and other gas-giant planets. 
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CORAL REEFS 


Genomic determinants of coral heat 
tolerance across latitudes 


Groves B. Dixon,’ Sarah W. Davies,’ Galina A. Aglyamova,' Eli Meyer,” 


Line K. Bay,®* Mikhail V. Matz'* 


As global warming continues, reef-building corals could avoid local population declines through 
“genetic rescue” involving exchange of heat-tolerant genotypes across latitudes, but only if 
latitudinal variation in thermal tolerance is heritable. Here, we show an up-to-10-fold increase in 
odds of survival of coral larvae under heat stress when their parents come from a warmer 
lower-latitude location. Elevated thermal tolerance was associated with heritable differences in 
expression of oxidative, extracellular, transport, and mitochondrial functions that indicated a lack of 
prior stress. Moreover, two genomic regions strongly responded to selection for thermal tolerance 
in interlatitudinal crosses. These results demonstrate that variation in coral thermal tolerance 
across latitudes has a strong genetic basis and could serve as raw material for natural selection. 


orldwide, coral reefs are threatened by 
increasing temperatures associated with 

climate change (J, 2). Models predict that 

even a modest increase in the thermal 
tolerance of reef-building corals over 40 

to 80 years would lower their extinction risk 
dramatically (3). Corals are capable of physiolog- 
ical acclimatization to elevated temperature, and 
it has been argued that in such long-lived orga- 
nisms acclimatization rather than genetic adap- 
tation will play the leading role in their response 
to climate change (4). Here, we present data for 
the heritable basis of temperature tolerance that 
supports the potential for rapid adaptation at the 
genetic level based on standing genetic variation. 
Many coral species maintain high genetic con- 
nectivity across thousands of kilometers and in- 
habit latitudinal ranges that span considerable 
temperature gradients (5, 6). However, it remains 
unclear to what extent latitudinal variation in coral 
thermal physiology is heritable and could fuel ge- 
netic rescue via exchange of temperature-tolerant 
immigrants across latitudes (7). We used quantitative 
genetic, functional genomic, and quantitative trait 
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loci analyses to address this question in Acropora 
millepora corals from thermally divergent loca- 
tions separated by 5° of latitude: Princess Charlotte 
Bay (PCB) and Orpheus Island (OI, Fig. 1A). 

Ten crosses were established according to a 
diallel scheme by cross-fertilizing gametes from 
four adult colonies from the two locations (Fig. 
1B). Larval families were cultured in triplicate for 
5 days until embryonic development was complete 
and sampled for tag-based RNA-sequencing anal- 
ysis (8). Separately, larval crosses were scored for 
heat tolerance, measured as odds of survival after 
27 and 31 hours at 35.5°C. The target temperature 
was reached by ramping over 12 hours at the rate 
of 0.63°C per hour, less than half of the warming 
rate on a reef flat during a tidal cycle (4). 

Survival rates varied substantially among fam- 
ilies (Fig. 1D). A mixed-effects generalized linear 
model with random effects of sire, dam, and their 
interaction as predictors indicated that the com- 
bined parental effects (i.e., broad-sense heritabil- 
ity) accounted for 87% of total deviance in odds 
of larval survival (Fig. 1E, 95% credible interval of 
the posterior: 72 to 99%). Proportions of deviance 
resulting from sire, dam, and their interaction 
were estimated at 11%, 66%, and 12%, respectively, 
although the credible intervals were wide because 
of the limited scope of our crossing design (Fig. 
1E). Parents from the warmer location (PCB) con- 
ferred significantly higher thermo-tolerance to 
their offspring relative to parents from the cooler 
location (OI), with a PCB dam conferring a five- 


fold increase (Pycmc < 0.001; MCMC, Markov 
chain Monte Carlo) and a PCB sire conferring an 
additional twofold increase (Pycmc = 0.048) in 
survival odds (Fig. 1F). 

To elucidate molecular processes underlying 
this variation, we identified genes whose expres- 
sion before stress predicted the odds of larval 
survival under stress (Fig. 2A), which we term 
tolerance-associated genes (TAGs). At the 5% 
false discovery rate (FDR), 1973 TAGs were iden- 
tified (Fig. 2B). In heat-tolerant larvae, gene on- 
tology (GO) categories related to oxidoreductase 
activity and extracellular matrix were significantly 
enriched in the up-regulated gene set, whereas 
categories related to transmembrane transporter 
and motor activity were significantly enriched in 
the down-regulated gene set (Fig. 2C). An analy- 
sis of cellular component categories additionally 
revealed enrichment of nuclear-encoded mito- 
chondrial membrane components (Fig. 2D and 
fig. S3), potentially a manifestation of mitochon- 
drial variation that could contribute to the high 
maternal effect on heat tolerance (Fig. 1E). 

Higher coral heat tolerance has been attri- 
buted to “frontloading,” where elevated baseline 
expression of stress response genes primes the 
organism for stress (9). Alternatively, higher tol- 
erance could be due to the lack of prior stress, in 
which case the expression of TAGs should be un- 
related or opposite to the heat stress response. 
We compared the TAGs to gene expression in 
adult parental colonies after 3 days of heat stress 
(31.5°C, figs. S3 and S4) and to published data on 
larvae after 4 hours or 5 days of heat stress (8), 
based on patterns of up- and down-regulation 
within eukaryotic orthologous group (KOG) gene 
classes (10) (Fig. 3A). The adult heat stress re- 
sponse was quite similar to the 5-day larval heat 
stress response (Fig. 3B). The TAGs expression 
was significantly negatively correlated with long- 
term heat stress response in larvae (Fig. 3C) and 
in adults (albeit marginally significant: Prortest = 
0.06). This indicates that the larval heat tolerance 
we detected most likely arose from the absence 
of preexisting stress, not from prior up-regulation 
of heat stress genes through frontloading. 

The KOG class most enriched in up-regulated 
TAGs was energy production and conversion and 
encompassed mitochondrial proteins (Fig. 3A and 
fig. S3), further supporting the possible contribution 
of mitochondrial variation to the maternal effect 
on heat tolerance (Fig. 1E). Alternatively, mater- 
nal effect could be due to epigenetic modification 
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of the nuclear genome, in which case variation in 
TAGs expression would likely also be under 
maternal control. We undertook a weighted gene 
correlation network analysis (11) to investigate this 
possibility and found a predominance of genetic 
rather than maternal effects: Expression variation 
of over 2700 genes was transmitted from adult 
corals to their larval offspring irrespective of 
whether the adults were used as sires or as dams 
(fig. S6 and accompanying text). The number of 
genes affected by maternal effects ranged from 
none to nearly 2000 among dams, which would be 
surprising if maternal effects were due to ubiqui- 
tously present genome-wide epigenetic modifica- 
tions. The best correlation with heat tolerance was 
observed for biparentally rather than maternally 
controlled genes (fig. S6, B to E), which corre- 
sponds well with the observation that higher 
heat tolerance was contributed by both PCB par- 
ents (Fig. 1F). However, because the strongest 
maternal effects both on gene expression and on 
larval heat tolerance were observed for the same 
parent (dam C), the role of epigenetic modifica- 
tions cannot be ruled out. 

To further demonstrate that larval heat toler- 
ance has a genetic basis and can respond to se- 
lection, we quantified genomic effects of artificial 
selection by heat in two interlatitudinal reciprocal 
crosses (AC and CA). Selected samples consisted 
of the last 30 to 50 heat stress-surviving larvae out 
of the initial ~1000, whereas control samples con- 
sisted of 50 larvae from unstressed cultures. This 
experiment was performed with two culture rep- 
licates from each cross, resulting in eight compared 
groups. Larvae were individually genotyped (n = 
326) by using 2bRAD methodology (72) to con- 
struct a genetic linkage map and to identify ge- 
nomic regions displaying reproducible allele 
frequency shifts in response to heat selection. 

The linkage map contained 1448 markers in 14 
linkage groups (LGs) and had a total length of 1358 
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centimorgans (cM). In both crosses, the selection 
was predominantly against paternally derived hap- 
lotypes (fig. S7), resulting in markedly different 
genome-wide patterns of selection between recip- 
rocal crosses (Fig. 4). The strength of negative se- 
lection, measured as a decrease in survival of larvae 


bearing the less-preferred haplotype, reached unity 
in LG 10 in the CA cross (i.e., the less-preferred 
haplotype was completely eliminated from the 
larval pool) and 0.91 in LG 5 in the AC cross. No 
statistically significant signatures of selection were 
observed when comparing pairs of unselected 
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Fig. 1. Experimental design and quantitative genetics of larval heat tolerance. (A) Sampling locations 
and their annual temperature regimes on the Great Barrier Reef, Australia. (B) Crossing design matrix where 
solid squares represent established crosses. (C) Experimental design to quantify gene expression 
differences between parental colonies under heat stress (31.5°C for 3 days). (D) Mortality curves + SE for 
each larval family. In the family identifier, the first letter is dam (mother); the second letter is sire (father). (E) 
Proportion of total deviance explained by parental effects. (F) Increase in odds of larval survival with parents 
from the warmer location (PCB) relative to the larvae with both parents from the cooler location (Ol). ***P < 
0.001, *P < 0.05. Whiskers on (E) and (F) denote 95% credible interval of the posterior. 


Fig. 2. Gene expression associated with larval heat tol- 


erance. (A) Bar chart for survival odds under heat stress 
for each larval culture, ranked in increasing order. (B) Heat 
map of 1973 genes (rows) for which the expression before 
heat stress predicts the survival odds under stress. Col- 
umns are larval cultures ordered as in the bar chart above 
(A). (© and D) GO categories significantly enriched with 
genes either positively (red) or negatively (black) associated 
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with heat tolerance. The dendrograms depict the sharing of 
genes between categories; the fractions correspond to genes 
with an unadjusted P < 0.05 relative to the total number of 
genes within the category. (C) Molecular function. ATPase, 
adenosine triphosphatase; NAD(P)H, reduced form of nico- 
tinamide adeninine dinucleotide. (D) Cellular component. 
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Fig. 3. Coral gene expression responses compared among data sets. 
(A) Heat map of enrichment of KOG classes (rows) by differentially ex- 
pressed genes in different data sets (columns). The KOG classes significantly 
enriched (FDR = 0.05) with up- or down-regulated genes are identified by 
raised tiles. (B) Correlation of KOG delta ranks between larval response to 
5-day heat stress and adult response to 3-day heat stress. (C) Correlation 
of KOG delta ranks between larval heat tolerance and larval heat stress 
response. The red lines on (B) and (C) are loess regression. 
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mitochondria under stress (13). There were two 
genes encoding mitochondrial transporters with- 
in 100 kilobases of the top marker under selection 


es A CA . (CA cross, LG 10), one of which was significantly 
a ; associated with larval heat tolerance at the gene 

4 3 . expression level (fig. S8 and table S1). 
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Fig. 4. Manhattan plot of allele frequency differ- 
ence after selection by heat. (A) Selection effects 
in CA family. (B) Selection effects in AC family. (C) 
Differences in allele frequencies among control sam- 
ples. Red points show markers at 5% FDR according to 
the Fisher's combined probability test; blue bars identify 
regions with significant clustering of such markers 
(according to 100,000 bootstrapped replicates). 


samples (Fig. 4C). Selection against paternal haplo- 
types aligns well with the putative involvement 
of mitochondria in heat tolerance determination: 
Such selection could be due to poor compatibility 
of certain paternal nuclear alleles with maternal 
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persistent selection against paternal haplotypes in 
reciprocal crosses under heat stress (Fig. 4 and fig. 
S7), and two genes encoding mitochondrial proteins 
in the vicinity of the major heat-selected marker 
(fig. S8). High maternal effect on larval thermal 
tolerance could also be partially due to epigenetic 
modification, which remains poorly understood in 
corals. Most importantly, the strong response of 
two genomic regions to heat selection (Fig. 4) di- 
rectly confirms that natural variation in heat toler- 
ance is both heritable and evolvable. The genetic 
rescue scenario, therefore, emerges as a plausible 
mechanism of rapid coral adaptation to climate 
change, especially if the natural connectivity of 
corals across latitudes is enhanced by assisted 
colonization efforts (14). 
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PHOTOSYNTHESIS 


A 12 A carotenoid translocation in a 
photoswitch associated with 
cyanobacterial photoprotection 


Ryan L. Leverenz,!* Markus Sutter,)?* Adjélé Wilson,®** Sayan Gupta,” Adrien Thurotte,?* 
Céline Bourcier de Carbon,”* Christopher J. Petzold,” Corie Ralston,” Francois Perreau,°® 


Diana Kirilovsky,”* Cheryl A. Kerfeld”””+ 


Pigment-protein and pigment-pigment interactions are of fundamental importance to the 
light-harvesting and photoprotective functions essential to oxygenic photosynthesis. The 
orange carotenoid protein (OCP) functions as both a sensor of light and effector of 
photoprotective energy dissipation in cyanobacteria. We report the atomic-resolution 
structure of an active form of the OCP consisting of the N-terminal domain and a single 
noncovalently bound carotenoid pigment. The crystal structure, combined with additional 
solution-state structural data, reveals that OCP photoactivation is accompanied by a 

12 angstrom translocation of the pigment within the protein and a reconfiguration of 
carotenoid-protein interactions. Our results identify the origin of the photochromic 
changes in the OCP triggered by light and reveal the structural determinants required for 
interaction with the light-harvesting antenna during photoprotection. 


hotosynthetic organisms balance light har- 

vesting against the toxic effects of oxida- 

tive intermediates produced under excess 

light (). Thermal dissipation of excess ab- 

sorbed energy—manifested as a quenching 
of antenna fluorescence known as nonphoto- 
chemical quenching (NPQ) (2, 3)—is the pre- 
dominant photoprotective mechanism. Carotenoid 
pigments play critical roles in NPQ (2-11), includ- 
ing a likely role as a direct quencher of exci- 
tation energy in “flexible” NPQ mechanisms 
(4) that operate reversibly on short time scales 
(seconds to minutes) and under dynamic light 
conditions (6-11). 

In cyanobacteria, a relatively simple carotenoid- 
dependent NPQ mechanism is associated with the 
light-harvesting antenna protein complex, the 
phycobilisome (PB). Here, NPQ is triggered by 
photoactivation of the soluble orange carotenoid 
protein (OCP), a blue-light photoreceptor that 
noncovalently binds a single carotenoid (3). Ac- 
tivation of the OCP occurs when its dark (orange) 
state, OCP°, absorbs blue light and forms the 
quenching active (red) state, ocp® (72). ocP® 
binds to the PB and initiates PB-associated NPQ 
(72, 13). Structurally, the OCP is composed of two 
domains, a mixed a/f C-terminal domain (CTD) 
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and a N-terminal domain (NTD) with an all 
a-helical fold unique to cyanobacteria (14) (fig. 
S1, Aand B). A 4-keto carotenoid (fig. SIC) spans 
both domains (14, 15) and is almost entirely en- 
closed by protein (4% solvent-exposed; fig. S1B). 
The isolated, carotenoid-binding NTD, referred 
to as the red carotenoid protein (RCP), func- 
tions as an effector domain; it binds to PBs and 
quenches PB fluorescence (J6). The CTD serves 
as the regulatory (sensory) domain (J6, 17) con- 
ferring photochemical activity to the OCP and 


A @ OCP ™& CAN in OCP 
con linker 


SP 


C-terminal 
Domain 


™@ CAN in OCP: gg CAN in RCP 


RCP m CANinRCP 


providing the site of interaction with the fluo- 
rescence recovery protein (FRP), which cata- 
lyzes the OCP®-to-OCP° conversion (18). In the 
absence of the CTD, the RCP is a constitutively 
active quencher; its activity and spectroscopic 
properties are essentially identical to those of 
ocp® (76). However, dissociation or absence of 
the CTD would leave nearly half of the carotenoid 
accessible to solvent. This raises a fundamental 
question about how the hydrophobic carotenoid 
is structurally accommodated in OCP® and RCP 
prior to interaction with the PB. 

To probe the molecular details of carotenoid- 
protein interactions in RCP/OCP®, we produced 
RCP by expressing a synthetic rcp gene [encoding 
residues 20 to 165 of Synechocystis PCC6803 
(hereafter Synechocystis) OCP] in echinenone 
(ECN)- or canthaxanthin (CAN)-producing E. coli 
strains. In both strains, the OCP binds a mixture 
of CAN and ECN, with a higher relative amount of 
CAN binding in the CAN-producing strain (table 
SD. RCPcan (binding exclusively CAN) was more 
active than RCPxcy (binding exclusively ECN) and 
induced PB fluorescence quenching comparable 
to that of RCP obtained by partial proteolysis (76) 
of the OCP purified from Synechocystis (fig. S2). 
Accordingly, we structurally characterized RCPcan 
and its cognate OCP. 

The 1.90 A resolution structure of Synechocystis 
OCP° can (table $2) aligns closely with the struc- 
ture of Synechocystis OCP xcy (19) [root mean square 
deviation (RMSD) 0.17 A over 304 a-carbon atom 
pairs]. The carotenoid conformation is also con- 
sistent with previously reported OCP° structures 
binding ECN (19) or hydroxyechinenone (74) (table 
$3), and there is well-defined electron density for 
each CAN carbonyl oxygen (Fig. 1A and fig. S4A). 
The OCPcan was photoactive and able to induce 


Fig. 1. Crystal struc- 
tures of the orange 
carotenoid protein 
(OCP) and red caro- 
tenoid protein (RCP) 
binding canthax- 
anthin (CAN). (A) 
Superimposed ribbon 
structures of OCPcan 
(gray) and RCPcan 
(red). CAN is shown in 
orange sticks in OCP, 
purple sticks in RCP. 
Inset panels show rep- 
resentative electron 
density for the 
carotenoid in each 
structure (complete 
carotenoid Fobs — Feale 
maps are shown in fig. 
S4). (B) CAN 
structures in OCP and 
RCP show increased 
planarity of the poly- 
ene chain in RCP and 
distinctly different 
B-ring configurations. 


N-terminal 
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PB fluorescence quenching (fig. $3). Moreover, 
the nearly identical UV-visible absorbance spectra 
for RCPeay and OCP can (fig. S2) indicates that the 
pigment-protein environments are comparable in 
OCPRoan and RCPeay, as reported for the Arthro- 
spira homologs (16), substantiating their structural 
and functional homology. 

We also determined the RCPay structure to 
1.54 A resolution (table $2). The protein backbone 
of the RCP superimposes on the NTD of OCP° can 
(Fig. 1A), with a RMSD of 1.24 A (104 o-carbon 
pairs), indicating that large protein conformation- 
al changes in the NTD are not involved in PB 
binding or quenching. However, there is a remark- 
able difference in the position and conformation 


of the carotenoid in RCP in comparison to 
OCP° can. In the active form, the carotenoid is 
translocated more than 12 A deeper into the 
NTD (Fig. 1, A and B). Due to the burrowing of 
the carotenoid into the NTD, it is only sparing- 
ly solvent-accessible (8% solvent-exposed) in RCP, 
specifically in the vicinity of the two terminal 
B-ionone rings (61 and £2, Fig. 1B, Fig. 2A, and 
fig. S4). Each ring adopts different configura- 
tions about the C6-C7 (C6“-C7~) single bond in 
the two structures (Fig. 1B and Fig. 2A) and the 
out-of-plane torsions of each ring are decreased 
relative to those of CAN in OCP® (table $3). The 
polyene chain is completely encompassed by 
protein; it assumes a highly planar conformation 


in RCP, whereas it is bowed and twisted in OCP° 
(Fig. 1B and fig. S4). The increased planarity of 
the polyene and reduced B-ring torsions observed 
for CAN in RCP are consistent with previously 
published electronic absorption and Raman spect- 
roscopy data that indicate extended effective 
m-conjugation and a planar all-trans configuration 
for the carotenoid in both quenching-active RCP 
and OCP® (12, 16). 

The large displacement of the carotenoid has 
profound consequences for its interactions with 
the protein. Specifically, the amino acids comprising 
the CAN binding pockets in the OCP° and RCP 
structures (Fig. 2A and table S4) occupy two distinct 
carotenoid-protein configurations (cpcs). In cpcO 
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Fig. 2. Distinct carotenoid-protein configurations (cpcs) observed in the 
OCP and RCP structure. (A) Diagram of carotenoid associated residues 
(<4 A) unique to cpcO (gray circles), unique to cpcR (red circles), or common 
to both cpcs (yellow circles). Chemical structures of CAN are shown with 
C6-C7 and C6°-C7’ bond configurations, depicted as observed in the crystal 
structures (fig. S4). H-bonds between the 4-keto oxygen of CAN and residues 
Tyr2" and Trp2°8 in cpcO are indicated (green dashes). (B and C) H-bonding 
residues Tyr’2°, Glu**, and Asp*® (sticks) in the NTD of OCP (B) and RCP (C). 
Additional residues interacting with the B2 ring of CAN in cpcR are also 
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explicitly shown in both structures. (D) OCP°-to-OCP® conversion of OCP mutants at 9°C during 5 min of strong white-light illumination. (E) OCP®-to-OCP° 


dark recovery at 9°C for mutants in (D). 
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Fig. 3. Solvent accessibility changes in OCPcan as measured by x-ray 
hydroxyl radical footprinting. (A) Peptide modification as a function of 
x-ray irradiation dose for Trp*!, residue clusters Trp*!-Phe*?-Tyr44-Met*” 
and Pro’°-Trp?’”-Phe?’®, and Met?°* for dark-adapted (OCP°, squares) 
and illuminated (OCP®, circles) OCP can. Solid lines represent single-exponential 
fits to the dose-dependent data. The ratio of the modification rates (R) 
indicates the change in relative SA. (B) Structural view (OCPcan structure) 
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of CAN binding residues undergoing large (factor of >2) SA changes after 
illumination. CAN in cpcO (orange sticks) and CAN in cpcR (purple sticks) 
are both shown. CTD residues Pro*’®, Trp?””, Phe?”®, and Met?®* (red 
sticks) exhibit a SA increase (R = 3.38, R = 2.88) in OCP®, whereas residue 
Trp*! and residue cluster Trp*'-Phe**-Tyr**-Met*” (blue) exhibit SA de- 
creases (R = 0.35, R = 0.45). A clash between Trp?”’and CAN in cpcR is 
indicated (black circle). 
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(corresponding to CAN in OCP®), 11 residues of the 
NID are in close (<4: A) proximity to the carotenoid. 
Retrospectively, the hydrophobic tunnel for trans- 
location of the carotenoid further into the NTD is 
present in OCP® (fig. SIB and fig. $5). In cpcR (CAN 
in RCP) an additional nine residues in this NID 
“tunnel” interact with the carotenoid (Fig. 2A). 
Modest side chain conformational changes accom- 
pany translocation (Fig. 2B and fig. S5A). A per- 
turbed local electrostatic environment for CAN in 
cpcR versus cpcO (fig. S5D), in addition to new H- 
bonding interactions between solvent and 
CAN’s 4-keto groups in cpcR, likely contribute 
to altered photophysical properties of the caro- 
tenoid (i.e., stabilization of an intramolecular 
charge transfer state) that may be connected to 
quenching function (20). 

The conservation of residues unique to cpcR 
observed in genes encoding for full-length OCPs 
(figs. S6 and S7) implicate the carotenoid shift as 
an integral part of OCP function. Several of the 
conserved residues within 4 A of CAN in cpcR 
were probed by mutagenesis in the OCP. For cer- 
tain mutations (ie. Glu®* — Ala), the CAN:ECN 
binding ratio was observed to change markedly 
relative to the wild-type OCP (table S1), indicating 
that these residues influence carotenoid binding 
specificity in OCP. The OCP single mutants 
Cys** — Ala, Tyr’? — Phe, Pro’® — Val, and 
Glu** — Ala reduced the stability of the OCP® 
form, as evidenced by decreased steady-state 
accumulation of OCP® after illumination and ac- 
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celerated OCP®-to-OCP° dark-reversion (Fig. 2, 
D and E); these mutants induced less than 40% 
PB quenching (fig. S8B). The OCP double mutant 
Pro’”° — Val/Tyr”® — Phe remained orange 
even under prolonged, strong illumination (Fig. 
2D and fig. S8), which suggests that these 
exposed residues, relatively distant from the 
carotenoid in cpcO, play a critical role in OCP 
photochemistry. Collectively, these results impli- 
cate the CAN-binding residues in cpcR (as ob- 
served in the RCP structure) in the stabilization 
of the carotenoid in the active OCP®. 

To obtain solution-state structural evidence for 
carotenoid translocation in the OCP®-to-OCP® 
photoconversion, we used x-ray hydroxyl radical 
footprinting mass spectrometry (XF-MS) to iden- 
tify changes in side-chain solvent accessibility 
after illumination (21). X-ray dose response plots 
show that some of the largest solvent accessibil- 
ity changes after photoconversion occurred in 
CAN binding residues (Fig. 3A and table S5). The 
largest solvent accessibility decreases are for 
peptides containing the NTD residue Trp” (Fig. 
3A). The decrease in solvent accessibility for this 
residue is consistent with an increased interac- 
tion with CAN due to CAN translocation. XF-MS 
analysis of RCP samples exhibited a similarly 
prominent SA decrease at Trp” (table S5). Fur- 
thermore, CTD residues (Pro?”°-Trp”””-Phe?”* 
and Met”* in OCP; Fig. 3A) that contact the 
CAN polyene chain in cpcO (table S4) had a large 
increase in solvent accessibility. CAN transloca- 
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Fig. 4. Proposed models for OCP photoactivation and the site of OCP/RCP-phycobilisome inter- 
actions. (A) Proposed mechanism for OCP photochemistry, including carotenoid translocation, after 
light absorption by OCP® (top left). Structural changes after absorption are localized primarily to the 
CTD (i.e. dissociation of the aA helix) and are coupled to the translocation (right). Translocation 
precedes complete NTD-CTD dissociation in OCP® (bottom right). OCP® reverts to OCP® in darkness 
(thermal reversion) or when catalyzed by an interaction between the fluorescence recovery protein 
(FRP) and the CTD (18) (bottom left); subsequent protein refolding and carotenoid translocation into the 
CTD (middle left) restores the OCP° ground state. (B) Electrostatic surface potential mapped on the 
RCP molecular surface colored from red to blue (-3 to +3 kT/e). (C) OCP:PB interaction illustrating 
binding at face 1 and a hypothetical carotenoid translocation after binding. 
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tion exposes these side chains to a solvent ac- 
cessible region in the surface cleft between the 
CTD and NTD (fig. S1B). Correlated solvent ac- 
cessibility changes in CAN binding CTD resi- 
dues (increased solvent accessibility) and NTD 
residues (decreased solvent accessibility) support 
carotenoid translocation during OCP activation 
(Fig. 3B). XF-MS data also confirms that CAN 
translocation accompanies a separation of the 
CTD and NTD: The factor of 10 solvent acces- 
sibility increase in Arg”? (table S5) supports the 
proposed breakage of the Arg”’-Glu*™* salt bridge 
in OCP® (17, 22). 

Based on the observation of carotenoid trans- 
location accompanying domain dissociation we 
propose the following sequence of events in the 
photoactivation of the OCP (Fig. 4A). Light absorp- 
tion triggers structural changes in the carotenoid, 
perturbing its interaction with the CTD (eg, 
perturbing H-bonds with Tyr*”/Trp***), Light- 
induced displacement of the N-terminal oA helix 
from the CTD, proposed to occur based on struc- 
ttural similarities to the Per-Arnt-Sim family of 
photosensors (19, 23), has recently been demon- 
strated by chemical footprinting experiments (17). 
Analogous to the photochemical mechanism of 
PYP (24), it is possible that partial “ejection” of 
the carotenoid chromophore, driven by a tran- 
sient, strained cis-carotenoid geometry may be 
coupled to CTD structural changes. An accom- 
panying reorganization of side chain-pigment 
interactions has the net effect of destabilizing 
carotenoid binding in cpcO; translocation of the 
carotenoid drives the reconfiguration to cpcR. 
Chaotrope-induced formation of an activated 
state of the OCP suggests that the transition to 
cpcR can take place in the absence of light (25), 
implying that translocation may be largely dri- 
ven by protein-carotenoid binding free energies. 
In contrast to cpcO, where the carotenoid serves 
as a structural element bridging the CTD and 
NTD, carotenoid translocation coupled with 
dissociation of the aA helix from the CTD (17) is 
required for full domain separation in OCP®. 

The separation of the NTD and CTD in OCP” 
leads to solvent exposure of both CAN 8 rings. 
The regions surrounding the solvent-exposed £ 
rings (1, face 1; 82, face 2) include the two largest 
patches of conserved residues on the surface of 
RCP (fig. S7). Positive potential, in part due to the 
critical PB binding residue Arg? (22), dominates 
face 1, whereas face 2 is relatively negatively 
charged (Fig. 4B). The distinct differences in 
surface charge between face 1 and face 2 sug- 
gest an electrostatically driven directionality in 
the NTD-PB interaction. Because the confor- 
mation of the NTD is essentially unchanged in 
the active form of the OCP, NTD-PB binding is 
likely tied to selective exposure of regions of 
the NTD occluded in OCP® (face 1 and Arg”), 
or to the carotenoid translocation itself. 

NTD-PB interaction in the vicinity of the 
exposed f-ring would also be expected for 
carotenoid-dependent energy quenching, given 
the importance of interpigment distances in en- 
ergy transfer efficiency (26). Although the atomic- 
resolution structure of the fully assembled PB is 
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unknown, in silico docking simulations between 
RCP and PB subunits implicated in OCP-binding 
(27-29) show reduced bilin-carotenoid distances 
as compared to identical simulations with ocr® 
(fig. S9A); RCP-PB complexes with face 1 CAN- 
bilin distances as low as 3.1 A were identified (fig. 
S9B). Such close interaction would permit partic- 
ipation of the carotenoid in either direct bilin- 
carotenoid energy transfer (20) or charge transfer 
quenching mechanisms (30). The translocation 
observed concomitant with activation of the pro- 
tein raises the possibility of additional carotenoid 
structural changes and/or movement after binding 
to the PB (Fig. 4C) to further reduce carotenoid- 
bilin distances or change the relative orientations 
of pigments in the OCP-PB complex. More broad- 
ly, the light-driven change in carotenoid-protein 
interactions observed in the OCP prompts a re- 
examination of other carotenoid binding pro- 
tein complexes for the possibility of transient, 
activation-dependent movement of the non- 
covalently bound carotenoids in those systems. 
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MARINE SULFUR CYCLE 


Identification of the algal dimethyl 
sulfide-releasing enzyme: A missing 
link in the marine sulfur cycle 


Uria Alcolombri,”” Shifra Ben-Dor,’* Ester Feldmesser,* Yishai Levin,* 


Dan S. Tawfik,’* Assaf Vardi?* 


Algal blooms produce large amounts of dimethyl sulfide (DMS), a volatile with a 

diverse signaling role in marine food webs that is emitted to the atmosphere, where 

it can affect cloud formation. The algal enzymes responsible for forming DMS from 
dimethylsulfoniopropionate (DMSP) remain unidentified despite their critical role in the 
global sulfur cycle. We identified and characterized Almal, a DMSP lyase from the 
bloom-forming algae Emiliania huxleyi. Almal is a tetrameric, redox-sensitive enzyme of 
the aspartate racemase superfamily. Recombinant Almail exhibits biochemical features 
identical to the DMSP lyase in E. huxleyi, and DMS released by various E. huxleyi isolates 
correlates with their Almal levels. Sequence homology searches suggest that Almal 
represents a gene family present in major, globally distributed phytoplankton taxa and in 


other marine organisms. 


imethylsulfoniopropionate (DMSP) is the 
major precursor of atmospheric dimethyl 
sulfide (DMS) and a key component of the 
ocean sulfur cycle. DMSP has been proposed 
to have physiological roles as an intra- 
cellular osmolyte and antioxidant (7) and also 
serves as an infochemical in interspecies predator- 
prey interactions, symbiosis, and pathogenicity 
(2-5). The volatile DMS is generated in oceans at 
remarkably high amounts, >10’ tons per year. It 
is emitted to the atmosphere (6) by enzymes 
known as DMSP lyases and has a global role in 
atmosphere-ocean feedback processes (7, 8). DMS 
also serves as a chemoattractant for phytoplank- 
ton, bacteria, zooplankton, fish, and sea birds 
(3, 9, 10). Several candidate DMSP lyases have 
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been identified in marine bacteria (JJ, 12); how- 
ever, the identification of the algal DMSP lyase(s) 
is crucial for understanding the physiological 
roles of DMS, its oceanic origins, and the marine 
sulfur cycle (12-74) (Fig. 1). 

We undertook a classical biochemical fraction- 
ation approach combined with shotgun proteo- 
mics to identify the DMSP lyase from Emiliania 
huxleyi. This coccolithophore algae is a well- 
established ecological model organism that forms 
massive oceanic blooms (75, 16) and has high 
DMSP lyase activity (17). We based our search on 
two natural E. huxleyi isolates: NCMA373, which 
has a high level of DMSP lyase activity (17) (~10 
fmol cell”' min”; herein, HL373), and NCMA374, 
which shows traces of activity (~2 x 10°? fmol cell” 
min’; LL374). Despite the different activity lev- 
els, both isolates have similar concentrations of 
intracellular DMSP (/7). 

Nearly all activity observed in the crude HL373 
cell lysate was associated with the membrane 
fraction of the chloroplast and was retained by a 
100-kD filter, indicating a relatively large enzyme 
or complex (fig. S1) [see the supplementary ma- 
terials (SM)]. Because previous studies suggested 
antioxidant roles for DMSP and DMS (J) and 
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reported the redox sensitivity of DMSP lyases 
(18-20) (table S1), we tested the effect of thiol 
oxidation and alkylation on both the crude lysate 
and on the detergent-reconstituted fraction. In 
extracts, HO, and cysteine modifiers iodoacetamide 
(IAA) and Ellman’s reagent inhibited DMSP lyase 
activity in a pH-dependent manner. Inhibition 
could be reversed by adding the reducing agent 
dithiothreitol (DTT) (Fig. 2A and fig. S1). Similar 
DMSP lyase biochemical properties were identi- 
fied in the crude lysates of different algal species 
(17-22) (table S1). 

Based on this proposed biochemical profile, 
we developed a protocol for the fractionation and 
enrichment for DMSP lyase, thus ensuring that 
the same enzyme is enriched throughout the 
procedure (fig. S2) (see the SM). Together with 
ion-exchange chromatography (fig. 53), we ob- 
tained =300-fold enrichment starting from crude 
cell lysate of E. huxleyi HL373 (table S2). To 
further visualize and identify the active enzyme, 
we developed an in-gel activity assay (Fig. 2B and 
fig. S4) (see the SM). DMSP lyase was primarily 
associated with a band size of ~90 kD, with an 
accompanying band between 130 and 250 kD (Fig. 
2B). We performed shotgun liquid chromatography- 
tandem mass spectrometry-based proteomics anal- 
ysis on bands showing lyase activity from HL373, 
as well as bands from LL374 corresponding to 
the same molecular weights but with no lyase ac- 
tivity. Bands from regions of the gel that showed 
no activity were similarly used as negative con- 
trols (fig. S4). We screened peptide sequences 
against a protein data set constructed from an 
RNA sequencing (RNA-seq) transcriptome of 
stationary and exponentially grown HL373 and 
LL374 cells (see the SM). Out of 46,400 putative 
transcripts, we obtained and filtered by annota- 
tion a set of 111 proteins whose peptides were 
identified in the MS analysis (table S3). These 
111 candidates were scored using several cri- 
teria, primarily coverage (what fraction of the 
protein is covered by MS identified peptides) 
and differential transcript abundance between 
the HL373 and LL374 strains. Other criteria in- 
cluded a predicted transmembrane segment, 
transcript abundance, and predicted molecular 
weight (table S3). 

Synthetic genes encoding the top five hits were 
overexpressed in Escherichia coli and tested for 
DMSP lyase activity. One of these examined genes, 
XP_005784450 (see table S3, contig comp92788_c0), 
named here Almali, yielded high DMSP lyase 
activity. Accordingly, highly specific DMSP lyase 
activity was associated with the purified protein 
(450 pmol min“ mg™ of pure protein). Another 
gene, NW_005194698.1, locus 145357-146862 (see 
table S3, contig comp81698_c2), exhibited very 
low and inconsistent activity with intact E. coli 
cells, but we observed no activity in cell lysates 
and in the purified protein. Almal is annotated 
in the E. huxleyi genome (16) as a hypothetical 
nuclear-encoded gene containing two introns, 
thus ruling out the possibility of a bacterial gene 
originating from a nonaxenic EF. huxleyi culture 
(11). Furthermore, the Alma gene shares no ho- 
mology to any of the known bacterial DMSP 


SCIENCE sciencemag.org 


lyase families. The biochemical profile of the 
recombinant Almal was identical to that of the 
protein mediating the DMSP lyase activity in 
E. hualeyi HL373 cell lysates (Fig. 2). Specifically, 
recombinant Almal was also found to be redox- 
sensitive in a pH-dependent manner, inhibited 
by cysteine modifiers, and metal-independent. 
Although Alma1 was purified from a chloroplast- 
rich fraction, and DMSP biosynthesis was pre- 
dicted to be localized to the chloroplast in plants 
(23) and marine diatoms (24), we could not 
detect a canonical chloroplast-targeting sequence. 
Alma! is natively a homotetramer, with an overall 
molecular weight of approximately 160 kD, as 


confirmed by gel filtration (fig. S5). Moreover, it 
also retained its activity upon acetone precip- 
itation and hexane rinses, as observed in the 
algal isolated enzyme (fig. S1) (see the SM). Given 
that at least one bacterial DMSP lyase (DddD) is a 
CoA-transferase/lyase (25, 26) and that E. huxleyi 
possesses a DddD homolog (J6), we tested the 
effect of acetyl-CoA. We found no effect on Almal’s 
DMSP lyase activity, either with the E. coli- 
expressed enzyme or in HL373 lysates. Finally, 
by using C-labeled DMSP, we determined that 
the product of catalysis was acrylate, as previ- 
ously reported (78), and not 3-hydroxypropianate 
as the bacterial DddD product (25) (fig. S6). 
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Fig. 1. DMSP catabolism in the ocean is mediated by both bacterial and algal DMSP lyases. DMSP 
is predominantly synthesized by algae. Under grazing or viral lysis, DMSP is released and catabolized by marine 
bacteria via demethylation (DmdA) or lyase activity (Ddd's). Alternatively, algal DMSP can be directly lysed by 
Almal (this study) to release acrylate and DMS, which is than emitted to the atmosphere (dashed line). 
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Fig. 2. Almal mediates the DMSP lyase activity in HL373 Emiliania huxleyi. (A) Biochemical profiling 
of the DMSP lyase activity observed in crude HL373 cell lysates (black bars) and in the recombinant 
E. coli-expressed Almal (gray bars). Initial enzymatic rates of DMS release were normalized to the rate in 
samples with no treatment (n.t.). Data are mean + SD; N = 2. Reactions with H2O> or IAA were performed 
at pH = 8.5 unless otherwise noted. Reactions performed at pH = 6.0 with 100 4M H202 or 20 uM 
iodoacetamide were normalized to no treatment at pH = 6.0. DTT relates to a sample treated first with 
100 uM H20z, followed by 1 mM DTT for 15 min. (B) Purified fraction was analyzed by in-gel activity assay. 
DMSP lyase activity causes proton release and was visualized by a pH indicator changing its color to 
yellow. The SDS—polyacrylamide gel electrophoresis gel was subsequently rinsed and silver-stained to 


detect the corresponding protein bands (right). 
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Fig. 3. Correlation between DMSP lyase activity A 
and Almal mRNA expression level in different 
E. huxleyi strains. (A) The DMS release levels mea- ~ 16 
sured in the crude cell lysates of different E. huxleyi . 
strains upon the addition of 10 mM DMSP. Data are 8 
mean + SD; N = 2. (B) Relative expression of the Ne 40 
different Alma genes in exponential or stationary- = 
growth phase of strains HL373 (high DMSP lyase) i} 
and LL374 (low DMSP lyase). Data derived from E 
RNA-seq transcriptome (see the SM). Expression is > 5 
presented in RPKM (reads per kilobase per million). 5 
Data are mean + SD; N = 2. 3 
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Fig. 4. A phylogenetic tree of the Alma family. (A) Schematic view of the maximum likelihood phylogenetic 
tree of the Almal-like proteins identified in NCBI and in the Marine Microbial Eukaryote Transcriptome 
Sequencing Project (http://data.imicrobe.us/project/view/104). The seven E. huxleyi paralogs are marked 
with red stars. Genes with confirmed DMSP lyase activity are marked in bold (the /sochrysis sp. orthologs 
are =99% identical to almal or alma2 and are therefore confirmed by identity). Clades A to D are shaded in 
light blue. The outgroup is composed of representative maleate isomerases genes. (B) Representative 
alignment of Alma’s active site residues. MI, maleate isomerase outgroup. (C) Specific DMSP lyase activity 
of recombinant Almal and its ClO8A and C265A mutants at 10 mM DMSP. Data are mean + SD; N = 2. 
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The DMSP lyase activity levels in various E. 
huxleyi isolates correlated with protein abun- 
dance, as indicated by Western blot using antibody 
to recombinant Almal (fig. S7). Almat’s transcript 
levels were also up to 300 times as high in HL373 
compared with LL374, consistent with 10,000-fold 
activity difference (Fig. 3) (17). Accordingly, the 
Almal peptides were only abundant in HL373 
proteomics samples but could not be detected 
in LL374 samples (table $3). Similarly, 12 times 
higher mRNA levels of Almal were observed in 
the haploid E. huxleyi strain RCC1217 compared 
with its related diploid strain FE. huxleyi RCC1216 
(27, 28), whereas the DMSP lyase activities in 
these two strains differed by a factor of about 2.5 
(Fig. 3A). Almal showed no substantial changes 
in enzymatic rate at salt concentrations up to 2 M 
and at pH 6 to 8 (Fig. 2A and fig. S8). The re- 
combinant enzyme exhibited a specificity activity 
(Kear! Ky) value of 0.8 x 10° M7 s “ (fig. $8), more 
than 1000 times higher than the characterized 
oceanic bacterial DMSP lyase DddP (13, 25, 29). 

Based on the National Center for Biotechnol- 
ogy Information (NCBI conserved domain data- 
base (CCD), Almal is a member of the Asp/Glu/ 
hydantoin racemase superfamily (E-value = 8.33 x 
10°°°) that comprises several enzyme families, 
including aspartate, glutamate, and hydantoin 
racemases, as well as maleate isomerase and 
arylmalonate decarboxylase. Phylogenetic analy- 
sis shows that Alma-like sequences are distinctly 
separated from maleate isomerases used here as 
an outgroup, even when genes from the same ge- 
nome are included [e.g., Phaeobacter gallaeciensis 
has both maleate isomerases and Almat-like pu- 
tative DMSP lyases (Fig. 4A)]. All enzymes be- 
longing to this racemase superfamily catalyze the 
abstraction and/or addition of a proton from a 
carbon next to a carboxylate. Accordingly, Almal 
catalyzes proton abstraction at the same position, 
resulting in a f-elimination and the release of 
DMS and acrylate. Crystal structures of various 
superfamily members indicate two active-site 
cysteines that catalyze proton abstraction and 
addition (and one cysteine only in decarboxyl- 
ases). Almal and its identified orthologs pos- 
sess both cysteines, C108 and C265 (Fig. 4, B 
and C, and fig. S8). Mutating cysteine 108 to 
alanine resulted in activity lower by a factor of 
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75, indicating that C108 is contributing but not 
crucial for catalysis. In contrast, mutating cys- 
teine 265 to alanine resulted in complete loss of 
activity (Fig. 4C). These findings are in agree- 
ment with B-elimination demanding only one 
proton abstraction (as opposed to isomerization) 
and with C265 acting as the catalytic base. 

The EF. huxleyi genome has 7 Alma paralogs 
(see the SM) (Fig. 4A) (16). However, the tran- 
scriptome analysis indicates that Alma is by far 
the most highly expressed Alma gene in HL373 
(240 times as much as all other paralogs) (Fig. 3). 
There appear to be four clades of Alma paralogs, 
with Alma3/6 and Alma7 (Clade A) being most 
closely related to Alma genes from Phaeocystis 
antarctica, another bloom-forming algal species 
that possesses high DMSP lyase activity and 
large DMS emissions (20, 22). Clade A (Fig. 4A) 
also includes key algal species that are known to 
possess high DMSP lyase activity, dinoflagellates 
(e.g., Symbiodinium sp., a coral symbiont), other 
haptophytes (e.g., Prymnesium parvum) (20, 30), 
and coral orthologs (Acropora millepora). Although 
DMSP can also be produced by corals (37), DMSP 
lyase activity is thought to be associated with 
symbiotic algae and/or associated bacteria and 
not with the coral itself (32). Within clade B (Fig. 
4A), several Alma genes were found to have two 
Almat-like domains fused in tandem, including 
E. huxleyi Alma4/5 and the Chrysochromulina 
polylepis gene. Clade C (Fig. 4A) includes E. 
huxleyi Almal and Alma2 that also appear in the 
closely related Isochrysis. The more distant clade 
D comprises bacterial genes with ~30% identity 
to Almal, but its relevance is yet to be deter- 
mined. We synthesized five genes from across 
the phylogenetic tree and expressed them in E. coli 
(see the SM). Two genes, E. huxleyi Alma2 (clade 
C) and Symbiodinium-Al (clade A) were expressed 
at low levels, yet exhibited lyase activity upon 
feeding DMSP to E. coli culture (fig. S10). How- 
ever, these two enzymes were not sufficiently 
stable to be purified. 

The identification of the family members of 
the newly identified algal DMSP lyase in a wide 
range of marine organisms would enable better 
understanding of the physiological and signaling 
roles of DMS in algal resistance to viral infection, 
predation (5), and commensal (74) and symbiotic 
interaction (37). Although it is clear that DMS 
production by bacteria DMSP lyases has a fun- 
damental role in the oceanic sulfur and carbon 
cycles, the newly revealed algal enzyme may al- 
low quantification of the relative biogeochemical 
contribution of algae and bacteria to the global 
DMS production. 
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CLIMATE CHANGE 


Possible artifacts of data biases in the 
recent global surface warming hiatus 


Thomas R. Karl,’* Anthony Arguez,' Boyin Huang,’ Jay H. Lawrimore,' 
James R. McMahon,” Matthew J. Menne,' Thomas C. Peterson," 


Russell S. Vose,’ Huai-Min Zhang" 


Much study has been devoted to the possible causes of an apparent decrease in the 
upward trend of global surface temperatures since 1998, a phenomenon that has been 
dubbed the global warming “hiatus.” Here, we present an updated global surface 
temperature analysis that reveals that global trends are higher than those reported by the 
Intergovernmental Panel on Climate Change, especially in recent decades, and that the 
central estimate for the rate of warming during the first 15 years of the 21st century is 

at least as great as the last half of the 20th century. These results do not support the 
notion of a “slowdown” in the increase of global surface temperature. 


he Intergovernmental Panel on Climate 
Change (IPCC) Fifth Assessment Report 
(1) concluded that the global surface tem- 
perature “has shown a much smaller in- 
creasing linear trend over the past 15 years 
[1998-2012] than over the past 30 to 60 years.” 
The more recent trend was “estimated to be 
around one-third to one-half of the trend over 
1951-2012.” The apparent slowdown was termed 
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a “hiatus” and inspired a suite of physical ex- 
planations for its cause, including changes in 
radiative forcing, deep ocean heat uptake, and 
atmospheric circulation changes (2-72). Although 
these analyses and theories have considerable 
merit in helping to understand the global climate 
system, other important aspects of the “hiatus” 
related to observational biases in global surface 
temperature data have not received similar at- 
tention. In particular, residual data biases in the 
modern era could well have muted recent warm- 
ing, and as stated by IPCC, the trend period itself 
was short and commenced with a strong El Nifio 
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Fig. 1. Effect of new 
analysis on global 
surface temperature 
trends for several 
periods. Temperature 
trends are shown for 
data with the “new” 
analysis (Squares) 
and “old” analysis 
(circles) for several 
periods of interest. 
Also indicated are 
global values 
calculated with the 
new corrections and 
the polar interpolation 
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intervals (Cls). The additional error associated with uncertainty of our corrections extends the 90% Cl and is depicted with a horizontal dash. (A and B) 
The base period (1951-2012) and “hiatus” period used in IPCC (1). (C) An alternate base period, the second half of the 20th century. (D) The 21st century 
through 2014. (E) 1998 (a strong EI Nifio year) through the 21st century. Source data are provided in table S1. 


in 1998. Given recent improvements in the ob- 
served record (13, 14) and additional years of 
global data (including a record-warm 2014), we 
reexamine the observational evidence related 
to a “hiatus” in recent global surface warming. 

The data used in our long-term global temper- 
ature analysis primarily involve surface air tem- 
perature observations taken at thousands of 
weather-observing stations over land, and for 
coverage across oceans, the data are sea surface 
temperature (SST) observations taken primar- 
ily by thousands of commercial ships and drifting 
surface buoys. These networks of observations 
are always undergoing change. Changes of par- 
ticular importance include (i) an increasing 
amount of ocean data from buoys, which are 
slightly different than data from ships; (ii) an 
increasing amount of ship data from engine in- 
take thermometers, which are slightly different 
than data from bucket seawater temperatures; 
and (iii) a large increase in land-station data, 
which enables better analysis of key regions that 
may be warming faster or slower than the global 
average. We address all three of these, none of 
which were included in our previous analysis 
used in the IPCC report (1). 

First, several studies have examined the differ- 
ences between buoy- and ship-based data, noting 
that the ship data are systematically warmer 
than the buoy data (15-17). This is particularly 
important because much of the sea surface is 
now sampled by both observing systems, and 
surface-drifting and moored buoys have increased 
the overall global coverage by up to 15% (supple- 
mentary materials). These changes have resulted 
in a time-dependent bias in the global SST record, 
and various corrections have been developed to 
account for the bias (78). Recently, a new correc- 
tion (13) was developed and applied in the Ex- 
tended Reconstructed Sea Surface Temperature 
(ERSST) data set version 4, which we used in our 
analysis. In essence, the bias correction involved 
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Fig. 2. Global (land and ocean) surface temperature anomaly time series with new analysis, old 
analysis, and with and without time-dependent bias corrections. (A) The new analysis (Solid black) 
compared with the old analysis (red). (B) The new analysis (solid black) versus no corrections for time- 


dependent biases (blue). 


calculating the average difference between collo- 
cated buoy and ship SSTs. The average difference 
globally was —0.12°C, a correction that is applied 
to the buoy SSTs at every grid cell in ERSST 
version 4. [IPCC (7) used a global analysis from the 
UK Met Office that found the same average ship- 
buoy difference globally, although the corrections 
applied in that analysis were equal to differences 
observed within each ocean basin (J8).] More 


generally, buoy data have been proven to be 
more accurate and reliable than ship data, with 
better-known instrument characteristics and 
automated sampling (J6). Therefore, ERSST ver- 
sion 4 also considers this smaller buoy uncer- 
tainty in the reconstruction (13). 

Second, there was a large change in ship ob- 
servations (from buckets to engine intake ther- 
mometers) that peaked around World War II. The 
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Fig. 3. Latitudinal profiles of surface temperature trends. Zonal mean trends and statistical uncer- 
tainty of the trend estimates for global, ocean, and land surface temperature, averaged in 30° latitudinal 
belts, for the second half of the 20th century (dashed) compared with the past 15 years (solid). Trends 
are cosine-weighted within latitude belts, and the vertical axis is on a sine scale so as to reflect the 
proportional surface area of the latitude bands. Only the uncertainty related to the trend estimates is 
provided because zonal standard errors of estimate are not available in contrast to the global averages. 


previous version of ERSST assumed that no ship 
corrections were necessary after this time, but 
recently improved metadata (78) reveal that some 
ships continued to take bucket observations even 
up to the present day. Therefore, one of the im- 
provements to ERSST version 4 is extending the 
ship-bias correction to the present, based on in- 
formation derived from comparisons with night 
marine air temperatures. Of the 11 improve- 
ments in ERSST version 4 (73), the continuation 
of the ship correction had the largest impact on 
trends for the 2000-2014: time period, account- 
ing for 0.030°C of the 0.064°C trend difference 
with version 3b. [The buoy offset correction con- 
tributed 0.014°C decade“! to the difference, and 
the additional weight given to the buoys because 
of their greater accuracy contributed 0.012°C 
decade’ (supplementary materials).] 

Third, there have also been advancements in 
the calculation of land surface air temperatures 
(LSTs). The most important is the release of the 
International Surface Temperature Initiative 
(ISTI) databank (14, 79), which forms the basis 
of the LST component of our new analysis. The 
ISTI databank integrates the Global Historical 
Climatology Network (GHCN)-Daily data set (20) 
with more than 40 other historical data sources, 
more than doubling the number of stations avail- 
able. The resulting integration improves spatial 
coverage over many areas, including the Arctic, 
where temperatures have increased rapidly in re- 
cent decades (7). We applied the same methods 
used in our old analysis for quality control, time- 
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dependent bias corrections, and other data pro- 
cessing steps (27) to the ISTI databank in order 
to address artificial shifts in the data caused by 
changes in, for example, station location, tem- 
perature instrumentation, observing practice, 
urbanization, and siting conditions. These cor- 
rections are essentially the same as those used in 
the GHCN-Monthly version 3 data set (22, 23), 
which is updated operationally by the National 
Oceanographic and Atmospheric Administra- 
tion’s (NOAA’s) National Centers for Environ- 
mental Information (NCEI). To obtain our new 
global analysis, the corrected ISTI land data 
(14) were systematically merged with ERSST 
version 4 (13), as described in the supplemen- 
tary materials. 

In addition to the three improvements just 
discussed, since the IPCC report (7) new analyses 
(24) have revealed that incomplete coverage over 
the Arctic has led to an underestimate of recent 
(since 1997) warming in the Hadley Centre/Climate 
Research Unit data used in the IPCC report (J). 
These analyses have surmised that incomplete 
Arctic coverage also affects the trends from our 
analysis as reported by IPCC (1). We address this 
issue as well. 

Temperature trends in our old analysis and 
our new analysis are depicted in Fig. 1, supple- 
mented with polar interpolation. (In this discus- 
sion, “old” refers to the analysis based on ERSST 
version 3b for ocean areas and GHCN-Monthly 
version 3 for land areas). For the most recent 
IPCC period (1998-2012), the new analysis ex- 


hibits more than twice as much warming as did 
the old analysis at the global scale (0.086° versus 
0.039°C decade“) (table S1). This is clearly at- 
tributable to the new SST analysis, which itself 
has much higher trends (0.075° versus 0.014°C 
decade‘). In contrast, trends in the new LST 
analysis are only slightly higher (0.117° versus 
0.112°C decade”). 

IPCC (J) acknowledged that trends since 1998 
were tenuous because the period was short and 
commenced with a strong El Nifio. Two addi- 
tional years of data are now available to revisit 
this point, including a record-warm 2014, and 
trends computed through 2014 confirm the IPCC 
supposition. Specifically, the central trend esti- 
mate in our new analysis for 1998-2014 is 0.020°C 
decade™ higher as compared with 1998-2012. Like- 
wise, global trends for 2000-2014 are 0.030°C 
decade higher than for 1998-2012. In other words, 
changing the start and end date by 2 years does 
in fact have a notable impact on the assessment 
of the rate of warming, but less compared with the 
impact of new time-dependent bias corrections. 

Our analysis also suggests that short- and 
long-term warming rates are far more similar 
than previously estimated in IPCC’s report (J). 
The difference between the trends in two periods 
used in IPCC’s report (1998-2012 and 1951-2012) 
(1d) is an illustrative metric: The trends for these 
two periods in the new analysis differ by 0.043°C 
decade“! compared with 0.078°C decade” in the 
old analysis reported by IPCC (1). The smaller 
difference results from more warming in the new 
ocean analysis since 1998, reflecting the im- 
proved bias corrections in ERSST version 4. The 
new corrections show that the 90% confidence 
interval for 1998-2012 encompasses the best 
estimate of the trend for 1951-2012. 

Also, the new global trends are statistically 
significant and positive at the 0.10 significance 
level for 1998-2012 (Fig. 1 and table S1) by using 
the approach described in (25) for determining 
trend uncertainty. In contrast, the IPCC report 
(D, which also used the approach in (25), reported 
no statistically significant trends for 1998-2012 in 
any of the three primary global surface temper- 
ature data sets. Moreover, for 1998-2014 our new 
global trend is 0.106° + 0.058°C decade”, and for 
2000-2014, it is 0.116° + 0.067°C decade“! (table 
S81). This is similar to the warming of the last half 
of the 20th century (Fig. 1). A more comprehen- 
sive approach for determining the 0.10 signifi- 
cance level (supplementary materials), which 
also accounts for the impact of annual errors of 
estimate on the trend, shows that the 1998-2014 
and 2000-2014 trends (but not 1998-2012) were 
positive at the 0.10 significance level. 

For the full period of record (1880-present) 
(Fig. 2), the new global analysis has essentially 
the same rate of warming as that of the previous 
analysis (0.068°C decade! and 0.065°C decade”, 
respectively) (table S1), reinforcing the point 
that the new corrections mainly have an impact 
in recent decades. However, it is also clear that 
the long-term trend would be significantly higher 
(0.085°C decade”) (Fig. 2B) without corrections 
for other historical biases, as described in (26). 
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There are important differences between the 
latitudinal structure of trends for the second half 
of the 20th century and for the 21st century 
(2000-2014) (Fig. 3). For example, the Arctic lati- 
tudes have shown strong warming trends both 
over the land and ocean since 2000, but during 
the latter half of the 20th century, the ocean 
trends in this area are near zero. The longer-term 
50-year trend has more consistency in the rates 
of warming across all latitudes, and this is even 
more evident over the full period of record back 
to 1880 (fig. S1). There is a distinct Northern 
Hemisphere mid-latitude cooling in LST during 
the 21st century, which is also showing up in 
cooling of the cold extremes, as reported for the 
extreme minimum temperatures in this zone in 
(27). Atmospheric teleconnections and regional 
forcings could be relevant in understanding these 
short time-scale zonal trends. It is evident that in 
most latitude bands, the global trends in the past 
15 years are comparable with trends in the pre- 
ceding 50 years. 

Last, we considered the impact of larger warm- 
ing rates in high latitudes (24) on the overall 
global trend. To estimate the magnitude of the 
additional warming, we applied large-area inter- 
polation over the poles using the limited observa- 
tional data available. Results indicate that, indeed, 
additional global warming of a few hundredths of 
a degree Celsius per decade over the 21st century 
is evident (Fig. 1), providing further evidence 
against the notion of a recent warming “hiatus” 
(supplementary materials). 

Newly corrected and updated global surface 
temperature data from NOAA’s NCEI do not 
support the notion of a global warming “hiatus.” 
As shown in Fig. 1, there is no discernable (sta- 
tistical or otherwise) decrease in the rate of 
warming between the second half of the 20th 
century and the first 15 years of the 21st century. 
Our new analysis now shows that the trend over 
the period 1950-1999, a time widely agreed as 
having significant anthropogenic global warm- 
ing (D, is 0.113°C decade, which is virtually 
indistinguishable from the trend over the period 
2000-2014 (0.116°C decade’). Even starting a 
trend calculation with 1998, the extremely warm 
E] Nifo year that is often used as the beginning 
of the “hiatus,” our global temperature trend 
(1998-2014) is 0.106°C decade ‘—and we know 
that is an underestimate because of incomplete 
coverage over the Arctic. Indeed, according to our 
new analysis, the IPCC’s (7) statement of 2 years 
ago—that the global surface temperature “has 
shown a much smaller increasing linear trend 
over the past 15 years than over the past 30 to 
60 years”—is no longer valid. 
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BRAIN CIRCUITS 


A parvalbumin-positive excitatory 
visual pathway to trigger fear 


responses in mice 


Congping Shang,’? Zhihui Liu,’ Zijun Chen,!” Yingchao Shi,”” Qian Wang,’ 


Su Liu,’ Dapeng Li,’ Peng Cao™* 


The fear responses to environmental threats play a fundamental role in survival. Little is 
known about the neural circuits specifically processing threat-relevant sensory information 
in the mammalian brain. We identified parvalbumin-positive (PV*) excitatory projection 
neurons in mouse superior colliculus (SC) as a key neuronal subtype for detecting looming 
objects and triggering fear responses. These neurons, distributed predominantly in the 
superficial SC, divergently projected to different brain areas, including the parabigeminal 
nucleus (PBGN), an intermediate station leading to the amygdala. Activation of the PV* 
SC-PBGN pathway triggered fear responses, induced conditioned aversion, and caused 
depression-related behaviors. Approximately 20% of mice subjected to the fear- 
conditioning paradigm developed a generalized fear memory. 


nvironmental threats are detected by dif- 
ferent sensory organs projecting to central 
brain areas to trigger fear responses (J, 2). 
The superior colliculus (SC) is a retinal re- 
cipient structure (3, 4) composed of different 
neuronal subtypes (5, 6), including parvalbumin- 
positive (PV), somatostatin-positive (SST), and 
vasoactive intestinal peptide-positive (VIP*) neu- 
rons (Fig. 1A and fig. S1). In addition to mediat- 
ing orienting responses (7), the SC contributes 
to avoidance and defense-like behaviors (8-I1). 
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With an optogenetic approach (2-74), we found 
that activation of neurons expressing channel- 
rhodopsin-2 (ChR2) in mouse SC triggered freez- 
ing that lasted 52.8 + 5.3 s (n = 5 mice) (movie 
$1). This prompted us to systematically iden- 
tify the key neuronal subtypes underlying this 
behavior. 

By crossing Ai32 (15) with different Cre lines 
(Fig. 1B) 16, 17), we expressed ChR2-enhanced 
yellow fluorescent protein (EYFP) in specific 
neuronal subtypes in the SC (Fig. 1C and fig. S1) 
and optogenetically elicited spikes in acute slices 
(Fig. 1D and fig. SI). Activation of SC PV* neurons, 
but not SST” or VIP* neurons, triggered impulsive 
escaping (1.18 + 0.09 s) followed by long-lasting 
freezing (46.4 + 2.8 s) (Fig. 1, E to G; fig. S1; and 
movie S2). To avoid activation of PV~ retinal 
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ganglion cells (RGCs) (18) by ferrule light, we in- 
jected adeno-associated virus (AAV) expressing 
double-floxed ChR2-mCherry (12) into the SC of 
PV-ires-Cre mice, resulting in specific expres- 
sion of ChR2-mCherry in SC PV~ neurons but 
not in PV* RGCs (Fig. 2A and fig. S2). The light 
triggered spikes from ChR2-mCherry-positive 
neurons in SC slices (Fig. 2B and fig. $2), elic- 
ited a similar stereotyped locomotor pattern 
(fig. S2 and movie S3), and increased the heart 
rate and plasma corticosterone levels that were 
not observed in mice with SC PV~ neurons ex- 
pressing mCherry (Fig. 2, C and D). 

When facing threats, animals can either fight 
or flee. To test whether SC PV* neurons were 
involved in this behavioral dichotomy, we mea- 
sured the durations of light-induced escaping 
(E) and freezing (F) and calculated their ratio 


(E/F ratio). We conducted a series of tests span- 
ning 5 days (table S1). First, light stimulations 
with higher intensity or longer duration enhanced 
E/F ratios in the same male mice by prolonging 
escaping more strongly than freezing (Fig. 2, E 
and F). Second, light stimulations with higher 
frequency but similar total illumination time 
prolonged escaping and freezing proportionally 
(Fig. 2G). Third, both responses showed strong 
adaptation to repetitive light stimulations (every 
5 min), with no significant change in E/F ra- 
tios across each stimulation (Fig. 2H). Finally, 
the same light stimulations elicited longer es- 
caping and shorter freezing in female versus 
male mice, resulting in higher E/F ratios in fe- 
males (Fig. 21). The origin of these sexually 
dimorphic behaviors was further examined (sup- 
plementary text). 


We next characterized the morphological and 
physiological properties of SC PV* neurons. 
They were predominantly but not exclusively 
distributed in the superficial gray (SuG) layer of 
the SC (Fig. 3A and fig. $3). Whole-cell record- 
ing of tdTomato-expressing PV neurons in SC 
slices from PV-ires-Cre; Ai9 mice (19) demon- 
strated that, distinct from V1 PV* interneur- 
ons with slow frequency adaptation (20), the 
SuG PV* neurons responded to depolarizing cur- 
rents in a faster adaptation mode (Figs. 3, C 
and D, and fig. $3). SuG PV~ neurons labeled 
with neurobiotin had parallel dendrites extend- 
ing to the SC surface, presumably receiving 
inputs from RGCs (Fig. 3B and fig. S3). The 
postsynaptic currents from PV-negative neurons 
induced by optogenetic activation of PV* neu- 
rons expressing ChR2-mCherry were blocked by 
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Fig. 1. Neuronal subtypes in the SC to trigger fear responses. (A) Diagram 
of different neuronal subtypes in the SC. (B) Ai32 mice were crossed with 
different Cre lines. (©) Coronal micrographs showing ChR2-EYFP expressed in 
specific neuronal subtypes. DAPI, 4’,6-diamidino-2-phenylindole. (D) Light- 
induced spikes from ChR2-EYFP* neurons in acute slices. (E) Instanta- 
neous locomotion speed before, during, and after light stimulation. (Inset) 
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Locomotion trails from example mice. (F and G) Analyses of peak speed 
and travel distance during and after light stimulation. Data in (F) and (G) 
are means + SEM (error bars); numbers of mice are in bars. Statistical 
analysis is t test (***P < 0.001; n.s. P > 0.1). Dashed lines in (F) and (G) 
indicate the control levels measured from behaviors after SC SST* neuron 
activation. 
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p-(-}-2-amino-5-phosphonopentanoic acid (APV) 
and 6-cyano-7-nitroquinoxaline-2,3-dione (CNQX), 
but not by picrotoxin (Fig. 3, E and F, and fig. 
83), suggesting that these neurons were gluta- 
matergic but did not release y-aminobutyric 
acid. The SC PV* neurons in intermediate and 
deep layers of the SC were examined (supple- 
mentary text). 

To test whether SC PV* neurons were involved 
in detecting collision threats in the visual field 
(21-23), we displayed a virtual soccer ball moving 
in controlled velocities and directions to the 
anaesthetized mice (Fig. 3J and fig. S4). The single- 
unit activity recorded with optrodes was quan- 
titatively identified (24, 25) as putative SC PV* 
neurons expressing ChR2-mCherry (Fig. 3, G to 
I). These putative PV" neurons (n = 9 cells) were 
strongly activated by the ball moving toward 
the animal but not by the motion in the other 


five directions (Fig. 3K). The response onset 
time before collision depended on the size and 
velocity of the ball (Fig. 3L) and was linearly 
correlated with the square root of the diameter/ 
velocity (Fig. 3M). The response peak was close 
to the time to collision and was independent 
of the size and velocity of the soccer ball (Fig. 
3N). In freely behaving mice, the escaping trig- 
gered by SC PV neuron activation pointed to 
the side of the SC receiving light stimulation 
(movie S4). 

We then determined the circuit mechanism 
underlying the fear responses mediated by SC 
PV* neurons. By injecting AAV expressing double- 
floxed monomeric green fluorescent protein 
(mGFP) into the SC of PV-ires-Cre mice, we spe- 
cifically labeled SC PV* neurons (Fig. 4B and 
figs. S5 and S6) and observed axon terminals in 
the parabigeminal nucleus (PBGN), the pontine 


nucleus (Pn), and the dorsal lateral geniculate 
nucleus (DLGN) (Fig. 4, A and C). These pro- 
jections were confirmed by retrograde tracing 
with cholera toxin B with Alexa Fluor-594 (CTB- 
594). CTB-594 injection into the PBGN (Fig. 4D) 
retrogradely labeled SC neurons predominantly 
in the ipsilateral SuG layer (Fig. 4E and fig. S7). 
A considerable proportion of CTB-labeled SC 
neurons (SC-PBGN: 52 + 4.3%; SC-Pn: 31 + 4.5%; 
SC-DLGN: 33 + 3.8%, n = 3 mice) were positive 
for PV (Fig. 4F and fig. $7). 

To determine which of these parallel projec- 
tions (26) participated in the fear responses, we 
injected AAV expressing double-floxed ChR2- 
mCherry into the SC and implanted optic fibers 
in the PBGN or Pn (Fig. 4G) to locally stimulate 
the ChR2-mCherry-positive axon terminals. Ac- 
tivation of the PV* SC-PBGN pathway, but not the 
PV" SC-Pn pathway, triggered the stereotyped 
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Fig. 2. Specific activation of SC PV* neurons induced fear responses. 
(A) Specific expression of ChR2-mCherry in SC PV* neurons of PV-ires-Cre 
mice. (B) The light-pulse train triggered spikes (red) from ChR2-mCherry-— 
positive neurons and postsynaptic currents (black) from adjacent ChR2- 
mCherry—negative neurons. (C) Electrocardiographic traces and heart rate 
analyses from the anaesthetized mice before and after light stimula- 
tions. Ctrl, control. (D) Analyses of plasma corticosterone concentration in 
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M, male; F, female. 


response to light stimulation. (E to 1) Durations of escaping, freezing, and 
E/F ratios, were plotted as functions of stimulation intensity, duration, 
frequency, repetition, and sex in mice with SC PV* neurons expressing 
ChR2-mCherry. Data in (C) to (1) are means + SEM (error bars); numbers 
of mice are in bars. Statistical analysis is t test (***P < 0.001; **P < 0.01; 
n.s. P > 0.1). Dashed lines indicate the levels measured from control mice. 


sciencemag.org SCIENCE 


RESEARCH | REPORTS 


escaping-freezing locomotor pattern (Fig. 4, H to 
J; fig. S9, and movie S5). We examined whether 
PBGN projected to the amygdala by anterograde 
and retrograde tracings. Local injection of AAV- 
SynaptoTag (27) in the PBGN and its adjacent 


region strongly labeled axon terminals positive 
for synaptobrevin-2-EGFP in the central amyg- 
daloid nucleus (28, 29), whereas CTB-594 injection 
in the amygdala retrogradely labeled neurons in 
the PBGN (fig. S8). Finally, the relation between 


PV* SC-PBGN pathway activation and the affec- 
tive state of mice was explored (supplementary 
text and figs. S10 to S12). Taken together, these 
data revealed a PV" excitatory visual pathway to 
trigger stereotyped fear responses in mice. 
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Fig. 3. Morphological and physiological properties of SC PV* neurons. 
(A) Layer-specific distribution of SC PV* neurons. (B) Neurobiotin-labeled 
PV* neurons in the SC SuG layer and V1. (C) Spike firings of PV* neurons in 
the SC and V1 to depolarizing currents. (D) Analyses of spike number and 
spiking phase as a function of current intensity. n, number of cells. (E and F) 
Effects of CNQX (20 uM)/APV (50 uM) (E) and picrotoxin (50 uM) (F) on the 
postsynaptic currents (PSC) induced by light stimulation. n, number of cells. 
(G) Single-unit activity recorded from a putative SC PV* neuron triggered by 
light pulses (arrows, 1 ms at 10 Hz). (H) Raster plot showing the latency of 
light-evoked spikes relative to the light pulses (O ms). (I) Distributional plot 
(left) and example spikes (right) evoked by visual stimuli and light showing 
quantitative identification of PV-positive and PV-negative units based on the 
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Square root of diameter/velocity 


waveform correlation and energy of light-evoked spikes. (J) A virtual soccer 
ball flying toward the eye of an anaesthetized mouse. (K) Example single-unit 
traces from a putative SC PV* neuron in response to the soccer ball (20 cm 
in diameter) moving in six directions at 2 m/s. (L) Peristimulus time his- 
tograms of a PV* neuron to looming stimuli with controlled velocities (V) (2 
and 5 m/sec) and diameters (D) (20 and 40 cm). Arrows indicate response 
onset time. (M and N) Correlation analyses of response onset time (M) and 
response peak time (N) of SC PV* neurons and the square root of 
diameter/velocity of the looming ball. Data are means + SEM (error bars); 
numbers of cells or units are in graphs. Statistical analyses are t test and 
one-way analysis of variance (***P < 0.001; n.s. P > 0.1). R, correlation 
coefficient. 
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Our data lead to the following conclusions. 
First, the SC PV* neurons form a subcortical visual 
pathway that transmits threat-relevant visual 
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Optic Fiber 


A 
BG 


information to the amygdala to trigger fear re- 
sponses. These data, in alliance with earlier studies 
(18, 30, 31), suggest a “retina-SC-PBGN-amyegdala- 
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Fig. 4. PV* SC-PBGN pathway mediated fear responses. (A to C) Specific 
expression of mGFP in SC PV* neurons (B) of PV-ires-Cre mice resulted in 
labeling of their axon terminals in the PBGN, Pn, and DLGN [(A) and (C)]. 
(D to F) CTB-594 injected in the PBGN (D) retrogradely labeled cells in 
the SC (E), a large proportion of which were PV* (denoted by arrowheads) 
(F). DpG, deep gray layer; InW, intermediate white layer; Ing, intermediate 
gray layer; Op, optic nerve layer; Zo, zonal layer. (G@) Diagrams showing the 
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hypothalamus” pathway for vision-induced fear 
responses. Second, the SC PV* neurons in the 
SuG layer are predominantly glutamatergic 
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mCherry—positive axon terminals. (H and I) Locomotion analyses during 
and after the activation of PV* SC-PBGN and SC-Pn pathways. (J) Analyses 
of escaping, freezing, and E/F ratio in mice receiving activation of the PV* 
SC-PBGN pathway and SC PV* neurons. Data in (H) to (J) are means + SEM 
(error bars); numbers of mice are in bars. Statistical analysis is t test (***P < 
0.001; n.s. P > 0.1). 
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projection neurons with spiking patterns dis- 
tinct from those of their counterparts in cor- 
tical regions. Thus, this finding broadens the 
concept of PV* neurons (32) and adds another 
perspective to understanding their functions. 
Third, the SC PV* neurons may belong to type-p 
looming detector, supporting the notion that 
mathematically defined computational units 
correspond to specific neuronal subtypes (33). 
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STRUCTURAL BIOLOGY 


A Cas9-guide RNA complex 
preorganized for target 


DNA recognition 


Fuguo Jiang,’ Kaihong Zhou,” Linlin Ma,” Saskia Gressel,® Jennifer A. Doudna’”**?®7* 


Bacterial adaptive immunity uses CRISPR (clustered regularly interspaced short 
palindromic repeats)—associated (Cas) proteins together with CRISPR transcripts for 
foreign DNA degradation. In type II CRISPR-Cas systems, activation of Cas9 endonuclease 
for DNA recognition upon guide RNA binding occurs by an unknown mechanism. Crystal 
structures of Cas9 bound to single-guide RNA reveal a conformation distinct from both 
the apo and DNA-bound states, in which the 10-nucleotide RNA “seed” sequence required 
for initial DNA interrogation is preordered in an A-form conformation. This segment of 
the guide RNA is essential for Cas9 to form a DNA recognition—competent structure 

that is poised to engage double-stranded DNA target sequences. We construe this as 
convergent evolution of a “seed” mechanism reminiscent of that used by Argonaute 


proteins during RNA interference in eukaryotes. 


RISPR-Cas proteins function in complex 

with mature CRISPR RNAs (crRNAs) to 
identify and cleave complementary target 
sequences in foreign nucleic acids (J). In 

type II CRISPR systems, the Cas9 enzyme 
cleaves DNA at sites defined by the 20-nucleotide 
(nt) guide segment within crRNAs, together with 
a trans-activating crRNA (tracrRNA) (2) that forms 
a crRNA:tracrRNA hybrid structure capable of 
Cas9 association (3). Once assembled on target 
DNA, the Cas9 HNH and RuvC nuclease domains 
cleave the double-stranded DNA (dsDNA) sequence 
within the strands that are complementary and 
noncomplementary to the guide RNA segment, 
respectively (3, 4) (Fig. 1A). By engineering a syn- 
thetic single-guide RNA (sgRNA) that fuses the 
crRNA and tracrRNA into a single transcript of 
80 to 100 nt (Fig. 1B), Cas9:sgRNA has been har- 
nessed as a two-component programmable system 
for genome engineering in various organisms (5, 6). 
The utility of Cas9 for both bacterial immunity 
and genome engineering applications relies on 
accurate DNA target selection. Target choice relies 
on base pairing between the DNA and the 20-nt 
guide RNA sequence, as well as the presence of a 
2- to 4-base pair (bp) protospacer adjacent motif 
(PAM) proximal to the target site (3, 4). The tar- 
get complementarity of a “seed” sequence within 
the guide segment of crRNAs is critical for DNA 
recognition and cleavage (7, 8). In type II CRISPR 
systems, Cas9 binds to targets by recognizing a 
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PAM and searching the adjacent DNA for com- 
plementarity to the 10- to 12-nt “seed” sequence 
at the 3’ end of the guide RNA segment (Fig. 1B) 
(3, 9-11). Crystal structures of Cas9 bound to 
sgRNA and a target DNA strand, with or without 
a partial PAM-containing nontarget strand, show 
the entire 20-nt guide RNA segment engaged in 
an A-form helical interaction with the target 
DNA strand (22, 13). How the “seed” region with- 
in the guide RNA specifies DNA binding has re- 
mained unknown. 

To determine how Cas9 assembles with and 
positions the guide RNA prior to substrate recog- 
nition, we solved the crystal structure of catalyt- 
ically active Streptococcus pyogenes Cas9 (SpyCas9) 
in complex with an 85-nt sgRNA at 2.9 A reso- 
lution (Fig. 1 and table S1). The overall structure 
of the Cas9-sgRNA binary complex, representing 
the pre-target-bound state of the enzyme, resem- 
bles the bilobed architecture of the target DNA- 
bound state, as observed in electron microscopic 
studies (14), with the guide segment of the sgsRNA 
positioned in the central channel between the 
nuclease and helical recognition lobes (Fig. 1, C 
to E). This structural architecture and guide RNA 
organization is maintained in the crystal structure 
of a widely used nuclease-inactive version of Cas9 
(D10A/H840A, referred to as dCas9) in complex 
with sgRNA (fig. S1). 

Comparison of SpyCas9 crystal structures rep- 
resenting the protein alone and the RNA-bound 
and RNA-DNA-bound states of the enzyme reveals 
the nature of Cas9’s conformational flexibility dur- 
ing sgRNA binding and target DNA recognition 
(Fig. 2A and figs. S2 and S3). The helical recog- 
nition lobe undergoes substantial rearrangements 
upon sgRNA binding but before DNA association, 
especially in helical domain 3, which moves as 
arigid body by ~65 A into close proximity with 
the HNH domain (fig. S2D). Superposition of 
the Cas9-sgRNA pre-target-bound complex onto 
the target DNA-bound structures reveals further 
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conformational changes, including a modest shift 
in helical domains 2 and 3, as well as a conco- 
mitant displacement of the HNH domain toward 
the target strand (Fig. 2A and fig. S2, E and F). 
Together with limited proteolysis data (Fig. 2B 
and fig. S4), these results show that sgRNA bind- 
ing drives the major conformational changes 
within Cas9 (74), although additional structural 
rearrangements occur upon substrate DNA bind- 
ing. Interestingly, a guide-target mismatched DNA 
duplex yields a proteolytic pattern similar to that 
observed for sgRNA-bound Cas9 (fig. S4B), indi- 
cating that Cas9-sgRNA pretarget conformation 
is competent for PAM recognition because no 
further conformational change is required prior 
to target DNA binding. 
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The single-stranded guide RNA binding trig- 
gers ordering of the PAM recognition region of 
Cas9. In the absence of sgRNA, Cas9’s PAM- 
interacting C-terminal domain (CTD) is largely 
disordered (fig. S2A) (14). However, in the Cas9- 
sgRNA pre-target-bound complex and target 
DNA-bound structures, the PAM-interaction CTD 
domain is structured to accommodate the PAM 
duplex (Fig. 2C). Two critical arginine resides 
(Arg"?*? and Arg™*°) involved in 5’-NGG-3' PAM 
recognition (13) are pre-positioned in the Cas9- 
sgRNA structure to recognize the GG dinucleotide 
on the nontarget DNA strand. This explains bio- 
chemical data indicating that the Cas9-sgRNA 
complex uses PAM recognition as an obligate step 
to identify potential DNA target sites (9). 


RuvC-ll 


In the Cas9-sgRNA structure, the RNA adopts 
an L-shaped configuration in which the 5’ guide 
segment lies in close spatial proximity to stem 
loop 1 of the sgRNA (Fig. 1C and fig. S5). Similar 
to the DNA-bound Cas9 complexes, Cas9 in the 
pre-target-bound state makes extensive hydrogen- 
bonding contacts and aromatic stacking interac- 
tions with the crRNA repeat:tracrRNA anti-repeat 
duplex and stem loop 1 (fig. S6) (12, 15). In contrast 
to the sgRNA scaffold (nucleotides G21 to U82) for 
which clear electron density is observed, we ob- 
served unambiguous electron density for only 10 
of the 20 nucleotides of the guide RNA segment 
(nucleotides 11 to 20; Fig. 1, B and C), all of which 
are located in the seed region. Nucleotides 1 to 10 
of the guide RNA segment, although present in 
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Fig. 1. Overall structure of SpyCas9-sgRNA binary complex. (A) Domain 
organization of the type II-A Cas9 protein from S. pyogenes (SpyCas9). (B) Sec- 
ondary structure diagram of sgRNA bearing complementarity to a 20-bp region 
41 DNA. The seed sequence is highlighted in beige. Bars between nucleotide 
pairs represent canonical Watson-Crick base pairs; dots indicate noncanon- 
ical base-pairing interactions. The base stacking interaction is indicated by a 
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filled square. (C) Tertiary structure of sgRNA in ribbon representation, with a 
sigma-A weighted composite-annealed omit 2Fop5 — Feaic electron density map 
contoured at 1.50. (D) Ribbon diagram of SpyCas9-sgRNA complex, color-coded 
as defined in Fig. 1, A and B. (E) Surface representations of the crystal structure 
of SpyCas9 in complex with sgRNA (depicted in cartoon) showing the same view 
as in Fig. 1D and a 180°-rotated view. 
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the crystals (fig. S1), are disordered. The ordered 
seed nucleotides (G11 to C20, counting from the 
5’ end of the sgRNA) are threaded through the 
narrow nucleic acid-binding channel formed be- 
tween the two Cas9 lobes, with their bases facing 
outward (Fig. 2D and fig. S7). Nucleotides G19, 
C20, and G11 to U13 are exposed to bulk solvent, 
whereas nucleotides G14 to C18 are shielded 
from solvent by helical domain 2. The solvent- 
exposed PAM-proximal seed nucleotides G19 and 
C20 are therefore positioned to serve as the nu- 
cleation site for initiating target binding. This 
explains how a 2-bp mismatch immediately ad- 
jacent to the PAM in the DNA abolishes Cas9 
binding and cleavage activity (9). 

The single-stranded guide RNA within the seed 
region maintains a nearly A-form conformation 
along the ribose-phosphate backbone (Fig. 2E). To 
maintain this helical configuration, Cas9 makes 
extensive hydrogen-bonding interactions with 
phosphates and 2'-hydroxyl groups of the seed 
nucleotides (Fig. 2F). Such presentation of the 
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seed sequence in a conformation thermodynami- 
cally favorable for helical guide:target duplex for- 
mation (J6) is reminiscent of the guide RNA 
positioning observed in eukaryotic Argonaute 
complexes that recognize transcripts by base 
pairing with a 6-nt RNA seed sequence (fig. S8, 
A and B) (17-19). This situation is distinct from 
that observed in the type I CRISPR-Cascade 
targeting complex, in which the entire crRNA 
guide region is preordered, rather than just the 
seed segment (fig. S8C) (20-22). 

Another similarity between the Cas9-bound 
sgRNA guide segment and the Argonaute-bound 
microRNA guide segment is the synchronized 
tilting of bases at each half-helical turn of the 
RNA strand. In the Cas9-sgRNA complex, a kink 
introduced by insertion of Tyr*° between seed 
nucleobases A15 and G16 results in coordinated 
tilting of nucleobases G11 to A15 relative to the 
same region of the guide RNA in the target- 
bound state (Fig. 2, E and F, and fig. S8A). 
Notably, the orientation of Tyr*”° shifts by ~120° 
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upon target binding (Fig. 2F). The bases G16 to 
C20 remain in an untilted orientation that is im- 
mediately ready for target DNA base pairing. This 
nonuniformity in base orientation may account 
for previous observations showing that the 5-nt 
sequence of the guide RNA that binds to DNA 
immediately adjacent to the PAM is the most crit- 
ical segment for Cas9 binding (23). 

Structural and biochemical data suggest that 
guide RNA binding triggers a large structural 
rearrangement in Cas9. To test whether the seed 
segment of the RNA itself contributes to formation 
of an activated Cas9 conformation, we monitored 
Cas9-sgRNA assembly with the use of a set of pro- 
gressively truncated guide RNAs containing 0 to 
20 nt of the guide segment (No to Nap; table $2). 
Limited proteolysis showed that guide RNA bind- 
ing confers protection from trypsin digestion only 
when the guide segment has a length of at least 
10 nt of the target recognition sequence (Nj) 
(Fig. 3A and fig. S9). The absence of the guide 
segment results in moderately decreased Cas9 
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Fig. 2. Preordering of seed RNA sequence and PAM-recognition cleft for tar- 
get DNA recognition. (A) Structural comparison between Cas9-sgRNA complex 
(pretarget) and target DNA—bound structure (PDB ID 4UN3) (see also movies S1 
and S2). Vector length correlates with the domain motion scale. Black arrows 
indicate domain movements within Cas9-sgRNA upon target DNA binding. (B) 
Limited proteolysis to test for large-scale conformational changes of Cas9 upon 
sgRNA binding and target DNA recognition. (C) Overlay of the Cas9-sgRNA pre- 
target bound complex with the target DNA-bound structures. For clarity, only the 
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PAM-containing CTD domain is shown. (D) Close-up view of the seed-binding 
channel in surface representation. (E) Superimposed sgRNAs in the pretarget 
(beige) and target DNA-bound states (black and orange) with only the guide 
segments shown for clarity. Helical axis is indicated by dotted line. Dihedral 
angles (0) between guide segment nucleobases and those of the A-form RNA-DNA 
heteroduplex in target DNA-bound structures are shown in parentheses. (F) Sche- 
matic showing key interactions of SpyCas9 with the sgRNA seed sequence. The 


inset highlights the conformational change of Tyr*°° upon target binding. 
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Fig. 3. The seed sequence triggers Cas9 to reach a target recognition- 
competent conformation. (A) SDS-polyacrylamide gel electrophoresis of 
limited trypsin digestion of SpyCas9 in the presence of truncated guide 
RNAs. (B) Analytical size-exclusion chromatograms of SpyCas9-sgRNA in the 
absence or presence of single-stranded target DNA with the indicated 
number of complementary nucleotides. The dashed line indicates the peak 
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NUC lobe 


apo-Cas9 (inactive) 
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pre-target state 
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position of stably bound SpyCas9-sgRNA-ssDNA ternary complex eluting 
from the gel filtration column. (©) Cas9-mediated endonuclease activity time 
course assays using plasmid and oligonucleotide DNA (P-labeled on both 
strands) containing a 20-bp 41 DNA target sequence and a 5’-TGG-3' PAM 
motif. Cn (n = O, 10, 12, 14, 17, or 20) represents the number of potential guide- 
target base pairs counted from the PAM end. 


PAM recognition 


N 


seed nucleation 


Fig. 4. Proposed mechanism for Cas9-mediated DNA targeting and cleavage. When Cas9 is in the apo state, its PAM-interacting cleft (dotted circle) 
is largely disordered. In the pretarget state, the PAM-interacting domain and seed sequence from guide RNA are preorganized for PAM recognition, 
followed by dsDNA melting next to PAM. The nonseed region is disordered and indicated as a dotted line. Base pairing between the seed sequence and 
the target DNA drives Cas9 into a near-active conformation; complete base pairing between the full guide segment and the target DNA strand enables 


Cas9 to reach a fully active state. 
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binding affinity for the RNA (fig. S10). Together, 
these results indicate that despite forming a stable 
complex with Cas9 (fig. S11), the crRNA:tracrRNA 
scaffold region of the sgRNA alone fails to induce 
the target recognition-competent conformation 
of Cas9. 

To assess the molecular mechanism of Cas9- 
mediated RNA-DNA hybridization, we first used 
size exclusion chromatography to evaluate the 
effects of DNA length on the formation of Cas9- 
sgRNA-ssDNA (single-stranded DNA) ternary 
complexes. This analysis showed that target 
ssDNA length must be at least 10 nt to form a 
kinetically stable ternary complex with Cas9- 
sgRNA (Fig. 3B), in good agreement with the 
requirement for a 10- to 12-bp RNA-DNA hetero- 
duplex to ensure strand propagation observed 
in Cas9 single-molecule experiments (9, 24). To 
further explore the importance of the seed re- 
gion for Cas9-mediated DNA cleavage, we con- 
ducted endonuclease activity assays using both 
plasmid and oligonucleotide DNA substrates and 
our truncated guide RNAs. The plasmid cleavage 
assay revealed that the 12-bp seed:DNA hetero- 
duplex is necessary for Cas9-mediated supercoiled 
plasmid cleavage, which proceeds by nicking first 
by the RuvC nuclease domain, then by the HNH 
nuclease domain (Fig. 3C and table $2). These 
data are consistent with structural observations 
indicating that the flexible HNH domain can 
adopt multiple non-catalytically productive states 
during sgRNA binding and target DNA recog- 
nition. In line with previous studies (25), the 
oligonucleotide cleavage assay showed that 
the Ny; guide RNA displays an almost compar- 
able cleavage rate but much reduced RuvC 3’-5’ 
exonuclease-trimming activity (3) relative to 
the Noo guide RNA (Fig. 3C). This trimming 
activity is more pronounced with the H840A 
nickase version of Cas9 relative to the D10A 
nickase version (fig. $12). This observation may 
explain why the D10A nickase is more efficient 
than the H840A nickase version of Cas9 when 
using a double-nicking strategy to enhance ge- 
nome editing specificity (26). 

We propose that the preordered PAM recog- 
nition region of the Cas9-sgRNA complex initiates 
DNA interrogation, followed by base pairing be- 
tween a short PAM-proximal segment of DNA 
(1 or 2 bp) and the 3’ end of the seed sequence in 
the sgRNA (Fig. 4). Conformational changes of 
Cas9 upon initial DNA binding then accommo- 
date guide RNA strand invasion into and beyond 
the seed region, triggering additional structural 
changes necessary for Cas9 to reach a cleavage- 
competent state. Recent crystal structures of human 
Argonaute2 bound to a microRNA guide and 
short RNA target sequences underscore the im- 
portance of seed region base pairing for accuracy 
of target selection (27). 

Our results suggest the apparent convergent 
evolution of a similar mechanism for CRISPR- 
Cas9. Collectively, our structural and biochemical 
data show that Cas9 is subject to multilayered 
regulation during its activation. The preordered 
RNA seed sequence and protein PAM-interacting 
cleft enable the Cas9-sgRNA complex to interact 
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productively with potential DNA sequences for 
target sampling. The inactive conformation of apo 
Cas9, as well as the additional conformational 
changes required for the complex to reach its ul- 
timate catalytically active state, could help to avoid 
spurious DNA cleavage within the host genome 
and hence minimize off-target effects in Cas9- 
based genome editing. 
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GENE SILENCING 


Epigenetic silencing by the HUSH 
complex mediates position-effect 
variegation in human cells 


Iva A. Tchasovnikarova,'* Richard T. Timms,’* Nicholas J. Matheson, 
Kim Wals,’ Robin Antrobus,’ Berthold Géttgens,” Gordon Dougan,” 


Mark A. Dawson,* Paul J. Lehner’+ 


Forward genetic screens in Drosophila melanogaster for modifiers of position-effect 
variegation have revealed the basis of much of our understanding of heterochromatin. 
We took an analogous approach to identify genes required for epigenetic repression in 
human cells. A nonlethal forward genetic screen in near-haploid KBM7 cells identified the 
HUSH (human silencing hub) complex, comprising three poorly characterized proteins, 
TASOR, MPP%8, and periphilin; this complex is absent from Drosophila but is conserved 
from fish to humans. Loss of HUSH components resulted in decreased H3K9me3 both 
at endogenous genomic loci and at retroviruses integrated into heterochromatin. Our 
results suggest that the HUSH complex is recruited to genomic loci rich in H3K9me3, 
where subsequent recruitment of the methyltransferase SETDB1 is required for further 
H3K9me3 deposition to maintain transcriptional silencing. 


he positioning of a normally active gene 
into heterochromatin can result in epi- 
genetic silencing, a phenomenon known 
as position-effect variegation (PEV) (J). 
Forward genetic screens in the fruit fly 


Drosophila melanogaster for mutations that 
act as suppressors or enhancers of PEV have 
identified a range of key regulators of het- 
erochromatin (2). These include heterochro- 
matin protein 1 (HP1) (3) and Su(var)3-9 (4), 
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which respectively bind and deposit the key 
repressive histone modification: trimethylated 
Lys® of histone H3 (H3K9me3) (5, 6). Here, we 
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set out to identify genes involved in PEV in 
human cells, using an analogous forward ge- 
netic screen in the haploid human KBM7 cell 
line. 

We transduced KBM7 cells with a lentiviral 
construct encoding a green fluorescent pro- 
tein (GFP) fusion protein driven by the spleen 
focus-forming virus promoter (SFFV) (Fig. 1A). 
Although the majority of transduced cells dis- 
played high GFP expression, ~20% of the cells 
exhibited lower GFP expression (Fig. 1B), like- 
ly because of reporter integration into a rep- 


ressive chromatin environment. To identify 
the genes required for this epigenetic suppres- 
sion, we isolated the population of GFP“™ cells 
by fluorescence-activated cell sorting (FACS), 
mutagenized them with a gene-trap retro- 
virus, and enriched for rare mutant GFP"s"* 
cells via two rounds of FACS (Fig. 1C). Map- 
ping the gene-trap integration sites among the 
GFP?" cells identified several genes that were 
significantly enriched for inactivating inser- 
tions relative to an unselected control popula- 
tion, including SETDBI, FAM208A, MPHOSPH8 
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Fig. 1. A haploid genetic screen identifies a requirement for the HUSH 
complex for epigenetic repression in human cells. (A) Schematic view 
of the GFP reporter construct (14). LTR, long terminal repeat; SFFV, spleen 
focus-forming virus; HLA, human leukocyte antigen; WPRE, woodchuck hepatitis 
virus posttranscriptional regulatory element. (B) Transduction of KBM7 cells 
with the GFP reporter results in a majority GFP>"8"* population plus a repressed 
GFP*'™ population. (C) A haploid genetic screen to identify genes required for 
repression of the GFP reporter. (D) Bubble plot illustrating the hits from the 
screen. Bubble size is proportional to the number of independent inactivating 
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GFP reporter 


gene-trap integrations identified (shown in parentheses). (E and F) Validation 
of the screen hits in HeLa cells, using an independent lentiviral reporter (E) and 
a nonviral reporter containing the phosphoglycerate kinase 1 (PGK) promoter 
driving GFP delivered by transfection (F). Histograms were gated on GFP* cells. 
(G) TASOR, MPP§8, and periphilin form a complex. Endogenous TASOR, MPP8, 
and _ periphilin were immunoprecipitated (IP) from KBM7 cells, and the 
indicated coimmunoprecipitating proteins were identified by immunoblot (IB). 
We were unable to blot for periphilin because the antibody does not recognize 
its epitope after NP-4O lysis. 
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Fig. 2. The HUSH complex functions through H3K9me3 via the targeted 
recruitment of SETDB1. (A) GFP“ integrations are marked by H3K9me3 
but not H3K27me3. H3K9me3 and H3K27me3 levels across the reporter 
were assessed by ChIP combined with quantitative polymerase chain reaction 
(ChIP-qPCR) in sorted GFP“ and GFP>"8"t populations. (B and C) Knock- 
down of HUSH components results in a loss of H3K9me3 across a GFP” 
reporter as assessed by ChIP-qPCR (B), concomitant with an increase in GFP 


transcript levels (C). *P < 0.05, **P < 0.01, ***P < 0.001. (D) Subcellular 
fractionation showing that HUSH subunits are found in the chromatin 
fraction. GAPDH, Rb, and HPla were used to validate the fractionation. (E) 
V5-tagged HUSH subunits bind to a repressed GFP reporter as assessed by 
ChIP-qPCR. (F) Coimmunoprecipitation of TASOR and MPP8 with SETDB1. 
(G) Knockdown of HUSH components results in impaired recruitment of 
SETDB1 to a GFP“™ reporter, as assessed by ChIP-qPCR. 
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Fig. 3. The HUSH complex functions at genomic loci rich in H3K9me3. 
(A) HUSH represses the majority of GFP“ reporter integrations. Popula- 
tions of GFP“'™ and GFP®"8" cells were isolated by FACS and subjected to 
knockdown of TASOR. (B to D) The HUSH complex acts at genomic loci 
marked by high levels of H3K9me3. Reporter integration sites were mapped 
among the GFP*" and GFP®"8* populations (B). Correlating integration sites 
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or > 


with ENCODE ChIP-seq peaks for K562 cells showed that GFP“ integra- 
tion sites were most enriched in proximity to H3K9me3 (C). Examples of the 
top “dim” and “bright” genes are shown in (D). (E and F) HUSH-mediated 
repression of a GFP reporter construct targeted to ZNF594. (G) Reestablish- 
ment of reporter repression upon reconstitution of a HUSH triple knock- 
out clone. 
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[encoding M-phase phosphoprotein 8 (MPP8)], 
and PPHLN1 (encoding periphilin) (Fig. ID and 
fig. SIA). The uncharacterized gene FAM208A 
was renamed TASOR (transgene activation 
suppressor). 

We validated the role of these four genes by 
short hairpin RNA (shRNA)-mediated knock- 
down in KBM7 cells (fig. S1, B and C) and with 
the use of an independent GFP reporter con- 
struct in HeLa cells (Fig. 1E and fig. $2). This 
effect was not limited to retroviral constructs, 
because stably integrated reporter constructs 
delivered by transfection were similarly re- 
pressed (Fig. 1F and fig. $3), and was apparent 
using both viral and cellular promoters (fig. 
$4). The variable proportion of GFP“™ cells 
observed with different reporter constructs, 
however, did suggest that the DNA sequence 
of the reporter may influence the degree of 


silencing. Thus, repression by these four genes 
appeared to be predominantly governed by 
the genomic landscape surrounding the trans- 
gene integration site, but could also be mod- 
ulated by the sequence composition of the 
reporter. 

To determine whether these genes act as 
part of a multiprotein complex, we analyzed 
TASOR immunoprecipitates from KBM7 nu- 
clei by mass spectrometry. After discounting 
proteins also present in control immunopre- 
cipitates, two putative interacting proteins 
remained: MPP8 and periphilin (table S1 and 
fig. S5A), the same proteins identified by our 
genetic screen (Fig. 1D). Thus, both genetic 
and proteomic approaches converged on a re- 
pressive complex comprising TASOR, MPP8, 
and periphilin, which we named the HUSH 
(human silencing hub) complex (fig. S5B). 


TASOR, MPP§8, and periphilin all localized to 
the nucleus (fig. $5, C and D). Interactions be- 
tween HUSH complex members were readily 
confirmed by coimmunoprecipitation experi- 
ments (Fig. 1G), and knockdown of each of 
the three proteins resulted in decreased levels 
of the other HUSH complex subunits (fig. S5, 
E and F). This was not the case upon knock- 
down of SETDBI (fig. S5G), which did not ap- 
pear to be a constitutive member of the HUSH 
complex. 

Because the leading hit in the genetic screen 
was the H3K9 methyltransferase SETDB1 (7) 
and because the chromodomain of MPP8 binds 
H3K9me3 (8-10), our investigation into the mech- 
anism of repression by the HUSH complex fo- 
cused on the repressive H3K9me3 histone mark. 
High levels of H3K9me3 were found on re- 
pressed (GFP“™) reporters but not on active 
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Fig. 4. The HUSH complex maintains H3K9me3 at endogenous loci 
and represses viruses integrated into heterochromatin. (A to C) Loss 
of HUSH results in decreased H3K9me3 at endogenous genomic loci. 
Global levels of H3K9me3 were measured by ChIP-seq in wild-type HeLa 
cells and cells lacking HUSH subunits and SETDB1. The CRISPR/Cas9- 
mediated disruption of TASOR, MPP8, and periphilin resulted in de- 
creased H3K9me3 at shared loci (A). Knockout of SETDB1 resulted in 
decreased H3K9me3 at more than 99% of these loci, with the majority 
(91%) showing a factor of >3 reduction (B). Four example loci are shown 
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in (C). (D) Loss of HUSH resulted in increased expression of the four 
example genes from (C), as measured by quantitative reverse transcrip- 
tion PCR (qRT-PCR). (E to H) Proviral repression by the HUSH complex. 
Schematic view of the HIV-1 LTR-Tat-IRES-GFP virus (E) (IRES, internal 
ribosome entry site). Infection of Jurkat cells resulted in a range of GFP 
expression levels (F); the proviruses in the GFP“ cells were repressed by 
the HUSH complex (G) through H3K9me3 (H). Tumor necrosis factor-a 
(TNF-a) activates transcription from the HIV-1 LTR through the NF-«B 
pathway (18). 
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(GFpPrshty reporters (Fig. 2A and fig. S6). Con- 
sistent with a role for the HUSH complex in 
facilitating the deposition of H3K9me3, deple- 
tion of HUSH subunits resulted in a decrease 
in H3K9me3 across the reporter (Fig. 2B), con- 
comitant with an increase in GFP mRNA ex- 
pression (Fig. 2C). Furthermore, HUSH subunits 
were chromatin-associated (Fig. 2D), and we 
detected binding of epitope-tagged HUSH sub- 
units to a repressed reporter (Fig. 2E). HUSH 
subunits coimmunoprecipitated with SETDB1 
(Fig. 2F), and knockdown of HUSH complex 
members impaired the recruitment of SETDB1 
to a repressed GFP reporter (Fig. 2G). Thus, the 
HUSH complex appeared to facilitate the de- 
position of the repressive H3K9me3_ histone 
modification through the targeted recruitment 
of SETDB1. 

HUSH repressed almost all GFP“ reporter 
integrations (Fig. 3A and fig. S7). Thus, by 
comparing the integration sites of the GFP 
reporter in the GFP“™ versus GFPP™2"* popu- 
lations, we could determine where HUSH acted 
in the genome (Fig. 3B). GFP“™ integrations 
were most enriched in proximity to H3K9me3 
and were underrepresented in proximity to 
histone marks correlated with active chroma- 
tin (Fig. 3C and fig. S8A). We also compared 
genes that were highly enriched for GFP“ in- 
sertions over GFP>™®" insertions (“dim” genes) 
or vice versa (“bright” genes). H3K9me3 lev- 
els across dim genes were much higher than 
across bright genes (Fig. 3D and fig. S8B). 
The majority of the leading dim genes were 
KRAB-ZNF genes (fig. S8, C to E), which are 
covered with high levels of H3K9me3 (11) de- 
posited by SETDB1 (12). To validate these ob- 
servations directly, we used the CRISPR/Cas9 
system to integrate a nonretroviral GFP reporter 
construct at an example KRAB-ZNF gene (Fig. 
3E). This construct was indeed subject to HUSH- 
mediated repression (Fig. 3F and fig. S9). Thus, 
the HUSH complex preferentially silenced trans- 
genes integrating into chromatin marked by 
high levels of H3K9me3. 

Recruitment of the HUSH complex to loci 
rich in H3K9me3 could be mediated through 
the chromodomain of MPP8 (8-0). An H3 pep- 
tide trimethylated at Lys®, but not an unmod- 
ified H3 peptide, pulled down MPP8 together 
with TASOR from a nuclear lysate (fig. S10A). 
TASOR recruitment to H3K9me3 was depen- 
dent on MPP8 and was lost following MPP8 
depletion (fig. S10A). Additionally, the puri- 
fied chromodomain of MPP8 has been shown 
to bind chromatin marked by high levels of 
H3K9me3 (fig. S10B) (13), and we detected 
binding of epitope-tagged HUSH subunits to 
genes rich in H3K9me3 (fig. S10C). To deter- 
mine whether the chromodomain of MPP8 
was essential for reestablishment of reporter 
repression, we used CRISPR/Cas9 technology 
to generate a HUSH triple knockout reporter 
clone lacking expression of TASOR, MPP8, 
and periphilin (fig. S11). Reexpression of wild- 
type HUSH subunits resulted in re-repression 
of the reporter, but this was severely abro- 
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gated upon reconstitution with an MPP8 chro- 
modomain mutant (Trp®° > Ala, W804A) that 
cannot bind H3K9me3 (8) (Fig. 3G and fig. 
$12A). In contrast, in cells lacking MPP8 alone, 
a functional chromodomain was not abso- 
lutely critical for re-repression of the reporter, 
as the W80A MPP8 mutant could partially 
restore reporter repression (fig. $12, B and C). 
This result suggested that another member 
of the HUSH complex must also contribute 
to HUSH localization at target sites. Indeed, 
we found that in the absence of either TASOR 
or MPP8, periphilin was still able to localize 
to chromatin (fig. S12, D and E). Thus, the 
chromodomain of MPP8 was required for the 
initial targeting of the HUSH complex to 
H3K9me3-marked loci, but periphilin also con- 
tributed to the maintenance of the complex at 
chromatin. 

Given that the HUSH complex regulates 
H3K9me3 levels across integrated reporter con- 
structs, we asked whether it maintains H3K9me3 
at endogenous genomic loci. Chromatin im- 
munoprecipitation followed by deep sequencing 
(ChIP-seq) in CRISPR/Cas9-generated TASOR, 
MPP$8, periphilin, and SETDB1 knockout HeLa 
cells (fig. S11) identified 918 shared genomic loci 
(14) with markedly reduced levels of H3K9me3 
upon loss of HUSH subunits (Fig. 4A and table 
$2). Furthermore, knockout of SETDB1 re- 
sulted in a decrease in H3K9me3 at 916/918 
(99.6%) of the shared loci affected by loss of 
HUSH, with the majority (91%) showing a fac- 
tor of >3 reduction (Fig. 4B). This confirmed a 
functional association between this critical 
methyltransferase and the HUSH complex. At 
four example loci, the decrease in H3K9me3 
levels as a result of loss of HUSH or SETDB1 
(Fig. 4C) resulted in modest increases in gene 
expression (Fig. 4D). 

Retroviral integration into heterochromatin 
is a natural mimic of PEV. As such, we rea- 
soned that viruses—and not merely transgenes 
delivered in the context of self-inactivating 
vectors—might also be subject to HUSH-mediated 
repression. We infected the CD4* lymphoid 
cell line Jurkat with a standard HIV-1 reporter 
virus that contains the wild-type HIV-1 LTR 
promoter driving both the HIV-1 transactiva- 
tor Tat and GFP (15) (Fig. 4E). Again we ob- 
served a range of GFP expression levels (Fig. 
4F). The repressed proviruses in the GFP“™ 
cells were subject to HUSH-mediated repres- 
sion, because knockdown of HUSH subunits 
resulted in transcriptional activation (Fig. 4G) 
accompanied by a decrease in H3K9me3 lev- 
els (Fig. 4H). Depletion of HUSH subunits also 
resulted in derepression of silent HIV-1 reporter 
proviruses in J-Lat clones (fig. S13), a widely 
used cellular model of HIV-1 silencing (75, 16), 
and similarly in an analogous “K-Lat” model 
that we generated in KBM7 cells (fig. S14). 
This effect was not limited to the HIV-1 LTR; 
we also found that HUSH acted on repressed 
murine leukemia virus (MLV) integrations 
(fig. S15). Thus, the HUSH complex mediates 
epigenetic regulation of both endogenous and 


viral genes at heterochromatic loci marked by 
H3K9me3. 

By replicating a classic Drosophila forward 
genetic screen for modifiers of PEV in cul- 
tured human cells, we identified the HUSH 
complex, which mediates epigenetic repres- 
sion through the recruitment of SETDB1 and 
the deposition of H3K9me3. Surprisingly, we 
did not identify a role for canonical heterochro- 
matin regulators required for PEV in Drosoph- 
ila, such as HP!1 (fig. S16) (77). HUSH complex 
subunits are absent from Drosophila but con- 
served from fish to humans, suggesting an 
additional, more recently acquired route to 
H3K9me3-mediated heterochromatin regula- 
tion in mammalian cells. 


REFERENCES AND NOTES 

1. G. Schotta, A. Ebert, R. Dorn, G. Reuter, Semin. Cell Dev. Biol. 
14, 67-75 (2003). 

2. S.C. R. Elgin, G. Reuter, Cold Spring Harb. Perspect. Biol. 5, 
a017780 (2013). 

3. T.C. James, S. C. Elgin, Mol. Cell. Biol. 6, 3862-3872 
(1986). 

4. G. Reuter, R. Dorn, G. Wustmann, B. Friede, G. Rauh, Mol. Gen. 
Genet. 202, 481-487 (1986). 

. Rea et al., Nature 406, 593-599 (2000). 

. J. Bannister et al., Nature 410, 120-124 (2001). 

. C. Schultz, K. Ayyanathan, D. Negorev, G. G. Maul, 

. J. Rauscher 3rd, Genes Dev. 16, 919-932 (2002). 

. Kokura, L. Sun, M. T. Bedford, J. Fang, EMBO J. 29, 
3673-3687 (2010). 

9. Y. Chang, J. R. Horton, M. T. Bedford, X. Zhang, X. Cheng, 
J. Mol. Biol. 408, 807-814 (2011). 

0. J. Li et al., PLOS ONE 6, e25104 (2011). 

1. H. O’Geen et al., PLOS Genet. 3, e89 (2007). 

2. S. Frietze, H. O’Geen, K. R. Blahnik, V. X. Jin, P. J. Farnham, 
PLOS ONE 5, e15082 (2010). 

3. G. Kungulovski et al., Genome Res. 24, 1842-1853 
(2014). 

4. See supplementary materials on Science Online. 

5. A. Jordan, P. Defechereux, E. Verdin, EMBO J. 20, 1726-1738 
(2001). 

6. A. Jordan, D. Bisgrove, E. Verdin, EMBO J. 22, 1868-1877 
(2003). 

7. J. C. Eissenberg et al., Proc. Natl. Acad. Sci. U.S.A. 87, 

9923-9927 (1990). 
. E. J. Duh, W. J. Maury, T. M. Folks, A. S. Fauci, A. B. Rabson, 
Proc. Natl. Acad. Sci. U.S.A. 86, 5974-5978 (1989). 


5: 
6. 


m 
azamMoYTrn 


co 


ACKNOWLEDGMENTS 


We thank J. Sinclair, L. Délken, A. Schuldt, N. Wilson, and 

F. Calero-Nieto for helpful discussion; R. Schulte and his team 
for FACS; M. Gratian, M. Bowen, and K. Jayawardena (Cambridge 
Institute for Medical Research); N. Smerdon (Wellcome Trust 
Sanger Institute); and S. Andrews (Babraham Institute) for 
SeqMonk customization. Supported by Wellcome Trust 

Principal Research Fellowship 101835/Z/13/Z (P.J.L.), a 
Wellcome Trust studentship (I.A.T.), an MRC Centenary Award 
(R.T.T.), and the Cambridge Biomedical Research Centre. The 
Cambridge Institute for Medical Research is in receipt of a 
Wellcome Trust Strategic Award. Raw sequence data are archived 
at Gene Expression Omnibus (GSE60056 and GSE63116) and 
Sequence Read Archive (PRJNA257239). 


SUPPLEMENTARY MATERIALS 
www.sciencemag.org/content/348/6242/1481/suppl/DC1 
Materials and Methods 

Figs. S1 to S16 

Tables S1 to S4 

References (19-30) 


23 January 2015; accepted 15 May 2015 
Published online 28 May 2015; 
10.1126/science.aaa7227 


26 JUNE 2015 * VOL 348 ISSUE 6242 1485 


RESEARCH | REPORTS 


RNA BIOCHEMISTRY 


Factor-dependent processivity in 
human eIF4A DEAD-box helicase 


Cuauhtémoc Garcia-Garcia,'* Kirsten L. Frieda,”* Kateryna Feoktistova,” 


Christopher S. Fraser,? Steven M. Block?*+ 


During eukaryotic translation initiation, the small ribosomal subunit, assisted by 
initiation factors, locates the messenger RNA start codon by scanning from the 5’ cap. This 
process is powered by the eukaryotic initiation factor 4A (elF4A), a DEAD-box helicase. 
elF4A has been thought to unwind structures formed in the untranslated 5’ region via a 
nonprocessive mechanism. Using a single-molecule assay, we found that elF4A functions 
instead as an adenosine triphosphate—dependent processive helicase when complexed 
with two accessory proteins, elF4G and elF4B. Translocation occurred in discrete steps 
of 11 + 2 base pairs, irrespective of the accessory factor combination. Our findings support 
a memory-less stepwise mechanism for translation initiation and suggest that similar 
factor-dependent processivity may be shared by other members of the DEAD-box 


helicase family. 


EAD-box proteins are ubiquitous enzymes 
responsible for RNA remodeling. Found 
in eukaryotes as well as eubacteria and 
archaea, DEAD-box proteins participate in 
different stages of the mRNA life cycle, in- 
cluding translation initiation (/-3), ribosome 
biogenesis (4), pre-mRNA splicing (5), and RNA 
chaperoning (6). A key initiation factor that un- 
winds secondary structure during mRNA re- 
cruitment and scanning is eukaryotic initiation 
factor 4A (eIF4A) (7). This protein is a member 
of helicase superfamily 2 (SF2) and comprises 
the minimal helicase module within the DEAD- 
box family (7). As such, eIF4A possesses two RecA- 
like domains that contain the core conserved 
motifs necessary for adenosine triphosphate 
(ATP) binding and hydrolysis, as well as RNA 
binding and melting (8). Like most DEAD-box 
proteins, eIF4A is generally associated with a 
number of accessory proteins, including eIF4G, 
eIF4B, and elF4H (1). These proteins help recruit 
eIF4A to the 5’ end of the mRNA, where it un- 
winds duplex regions to promote mRNA recruit- 
ment to the ribosome (9). eIF4G, eIF4B, and eIF4H 
synergistically activate the duplex unwinding ac- 
tivity of eI[F4A, enhancing its RNA binding affinity 
and accelerating the cycling of its RecA-like do- 
mains between open and closed conformations 
(10-14). Nevertheless, it is still not understood 
whether duplex unwinding by eIF4A occurs via 
a distributive or processive mechanism. In fact, 
both mechanisms have been previously sug- 
gested (2, 13, 15-17). 
To determine the mechanism used by eIF4A 
during translation initiation, we developed a 
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high-resolution, single-molecule, optical trap- 
ping assay to study the helicase activity of eIF4A 
in conjunction with known accessory factors 
eIF4B, eIF4H, and eIF4G. The assay used pu- 
rified human eIF4A, eIF4B, and eIF4H, as well 
as a previously characterized truncation mu- 
tant of eIF4G (eIF4G¢go1105) that retains the 
evolutionarily conserved eIF4A binding do- 
main (J8-20). The experimental geometry con- 
sisted of a “dumbbell” arrangement formed by 
two optically trapped beads, with a nascent RNA 
transcript stretched between them. This tran- 
script was attached to one bead via hybridiza- 
tion to a DNA “handle” and to the other bead 
via RNA polymerase (RNAP) arrested at a road- 
block (Fig. 1). The RNA transcript comprised a 
reporter hairpin [with a 72-base pair (bp) stem 
and a 4-nucleotide (nt) loop, and either 25 or 50% 
GC content] placed adjacent to a 20-nt, single- 
stranded RNA region at the 5’ end of the hair- 


pin stem, which formed a target for the loading 
of a single eIF4A helicase (based on helicase 
footprint size) (Fig. 1 and fig. S1) (21, 22). In this 
assay, loading of the helicase onto the RNA, 
followed by subsequent unwinding of the re- 
porter hairpin during directional translocation 
(5'-to-3', based on assay geometry), increases 
the bead-to-bead distance, which can be mea- 
sured with nanometer-level accuracy (Fig. 1B). 
Any reannealing of a previously opened hair- 
pin, arising from either enzyme dissociation or 
reverse translocation along the RNA, decreases 
this distance. 

When elIF4A helicase was studied alone in 
the presence of ATP, only a very few stepwise 
unwinding events were observed, consistent 
with previous reports of nonprocessivity in bulk 
assays (23). Any RNA unwinding by eIF4A was 
typically characterized by a single step forward, 
followed either by a single step backward or 
by enzyme dissociation (Fig. 2A and fig. S3). 
The introduction of a single additional factor, 
whether eIF4B, eIF4H, or eIF4G¢g9.1105, slightly 
enhanced eIF4A’s ability to unwind RNA in a 
forward or backward direction. The addition 
of factors eIF4Gggo-1105 and eIF4B together in- 
creased the 5’-to-3’ processivity of eIF4A syn- 
ergistically, permitting the ternary complex to 
efficiently melt the entire 72-bp reporter hair- 
pin. This finding suggests that the minimal 
unit for ribosomal scanning may include a min- 
imum of three initiation factors: eIF4A, eIF4B, 
and eIF4G. Although eIF4B and eIF4H are ho- 
mologous proteins, and although each conferred 
an increase in processivity when complexed with 
eIF4A and el F4Ge6go-1105, the elF4A*BeGggo-1105 
complex melted hairpins more efficiently than 
eIF4AeH*Gego-1105 (Fig. 2A and fig. $3). Previous 
experiments have shown that at least three 
translation initiation factors are required for 
efficient strand separation (JO, 19, 24-26). The 
present observations argue that strand sepa- 
ration by eIF4A*B/H*Geggo-1105 can be a direct 
consequence of processive translocation by a 


Fig. 1. Experimental A elF4G, Reporter 
geometry of the single- J hairpin 
molecule elF4A elF4B. 
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helicase assay (not 

to scale). (A) A single 
72-bp RNA reporter 
hairpin (red) is teth- 
ered between two 
microscopic avidin- 
coated beads (blue) 
held in optical traps 
(pink) by a DNA handle 
and a biotinylated RNA 
polymerase (green) 
transcriptionally stalled 
at a biotin-avidin 
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roadblock (yellow). The tether contains a short single-stranded RNA flanking sequence adjacent to 
the 5’ side of the hairpin for loading elF4A helicase, shown here complexed with elF4B and elF4G. (B) 
As elF4A, alone or bound to combinations of elF4B, elF4H, and elF4G, translocates along the RNA, 
its helicase activity unwinds the hairpin, leading to an increase in distance (Ax) between the trapped 


beads. In all figures, 


“elF4G" corresponds to the truncation mutant elF4Ge6g2-1105. 
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helicase complex based on eIF4A, not of a dis- 
tributive mechanism requiring multiple binding 
events (supplementary text). 

We next identified the specific changes in eIF4A 
behavior responsible for the factor-mediated 
increase in processivity. Because thermal noise 
in displacement often masks individual steps, 
the step size for e[F4A was determined by com- 
puting the pairwise distribution of distances 
moved in single records: Power spectra derived 
from such distributions display peaks at the cor- 
responding spatial frequencies of any underlying 
steps (27). Whether eIF4A was scored alone or in 
complex with other factors, the power spectra 
from records of its activity all displayed peaks 
near 11 + 2 bp (mean + SEM), a spacing com- 
parable to the helicase footprint and which cor- 
responds closely to a single turn of the RNA duplex 
(Fig. 2B) (8). The measured step size did not differ 
among assays conducted under conditions that 
produced a comparatively high proportion of back- 
steps (eIF4A, eIF4.AcB, eIF4AcH, and elF4-A°Gego-1105) 
and those that did not (eIF4A*BeGegoy195 and 
elF4A*H*Gego-105)- 

When the noise levels in individual records are 
sufficiently low, it is possible to search for the 
presence of substeps within the ~11-bp steps. An 
analysis was therefore carried out by fitting se- 


Fig. 2. Factor- A 
dependent proces- 
sivity of elF4A. (A) 
Representative single- 
molecule records of 
helicase activity of 
elF4A (purple), 
elF4A¢B (yellow), 
elF4AeH (black), 
elF4A*G (green), 
elF4A*BeG (red), and 
elF4A*HeG (blue) 
over a 60-s interval 
under constant load; 
traces are offset ver- 
tically for clarity. Note 
instances of forward 
motion corresponding 
to hairpin unwinding 
(extension increase) 
and rearward motion 
corresponding to 
hairpin reannealing 
(extension decrease). 
The final extension 
increase leading to 
full opening of the 
hairpin was facilitated 
by force, once the 
ever-shortening 
duplex region remain- 0 
ing became unstable 

under the constant 
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lected segments of individual records using a 
step-finding algorithm whose robustness has been 
previously established (28). Substeps were identi- 
fied, ranging in size from 2 to 4 bp (3 + 1 bp, mean + 
SEM; figs. S8 and S9). In this respect, the behavior 
of eIF4A is similar to that of the NS3 DEAD-box 
helicase from hepatitis C virus (supplementary 
text) (29). 

To examine whether different cofactors might 
affect the directionality of e[F4A, we computed 
the probability ratio of forward to backward 
stepping, a measure of directional persistence 
(23). For eIF4A alone, this ratio was slightly 
higher than unity (~1.1), consistent with nonpro- 
cessive motion (Fig. 3A and fig. S11). For binary 
complexes eIF4A¢B, eIF4AeH, and eIF4A*Gego-1105, 
the ratio increased only moderately (to ~1.7) and 
was, within error, the same for each complex. In 
contrast, ternary complexes eIF4A*BeGeggo-1105 and 
elF4AeHGego-1105 displayed a dramatic increase in 
persistence ratio, with values of ~7 and ~4, re- 
spectively. These results indicate that one role of 
cofactors eIF4B, eIF4H, and eIF4Gggo-1105 is to en- 
hance the directionality of eIF4A translocation. 
The topology of eIF4A*HeG has been studied (0), 
but unlike in the case of NS3, it is unclear which 
eIF4A residues mediate changes in processivity 


(supplementary text) (30). 
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In single-molecule records, mechanical steps 
were occasionally separated by pauses, corres- 
ponding to comparatively longer periods of in- 
variant tether extension. Pause lifetimes were 
exponentially distributed for eIF4A, both alone 
and in combination with accessory factors, and 
were well fitted by single exponentials (Fig. 3B 
and fig. S12). We found that eIF4A displayed the 
longest measured pause lifetime, 9.0 + 0.45 (mean + 
SEM). The complexes eIF4AeB, eIF4A*H, and 
eIF4A°Gego-1105 exhibited similar lifetimes within 
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Fig. 3. Translocation properties of elF4A heli- 
case and accessory factor combinations. (A) 
Forward-to-backward stepping ratio for the indi- 
cated complexes (legend, bottom), with errors 
(SEM). (B) Mean pause lifetime with errors (SEM) 
for the indicated complexes (legend, bottom). (C) 
elF4A*BeG melting of a reporter hairpin with the 
sequence shown (left), color-coded according to 
the legend (bottom). Five representative single- 
molecule records, expressed as base pairs un- 
wound, are shown over a 30-s interval (right). The 
positions of these records were histogrammed in 
a single density plot (middle, yellow); strong peaks 
in this plot indicate locations where the complex 
pauses, which were not correlated with the location 
of the AUGs. 
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experimental error (~7 s), but these were not sta- 
tistically different from that of eIF4A alone. How- 
ever, ternary complexes eIlF4A*BeGggo1105 and 
elF4A°H*Gego-1105 had pause lifetimes three times 
shorter than that of eIF4A, with durations of 2.9 + 
0.1 s and 3.6 + 0.2 s (mean + SEM), respectively. 
These findings suggest that, in addition to enhanc- 
ing the directionality of eIF4A, the accessory 
factors eIF4B, eIF4H, and elF4Gego 1105 also in- 
crease the mRNA unwinding efficiency by de- 
creasing pausing. Pause locations were distributed 
along the reporter hairpin (Fig. 3C and fig. S3). 
The two reporter hairpins used in this study were 
based on randomized nucleotide sequences, and 
we could identify no obvious relationship between 
the locations and durations of pauses and the 
local base composition. However, many addition- 
al sequences would need to be scored to identify 
any possible sequence dependence of helicase 
activity. 

Finally, analysis of unwinding activity indi- 
cates that eIF4A, alone or in complexes, has 
no memory associated with a given series of 
steps and that the translocation mechanism is 
governed by a single rate-limiting step (sup- 
plementary text). 

Although DEAD-box helicases have some- 
times been regarded as nonprocessive enzymes 
(29), we find here that eIF4A displays a factor- 
mediated processivity requiring at least two 
cofactors (eIF4B/H and elF4Gego-1105). This ac- 
quired processivity is characterized by a prefer- 
ential directionality (presumably 5’-to-3’), with 
burst openings of 11 + 2 bp (mean + SEM) and 
dramatically reduced pausing. In eukaryotic 
translation initiation, the eIF4A*BeGggo-1105 Com- 
plex comprises a minimal processive unit that 
is thought to facilitate sequential, step-by-step 
ribosomal scanning. In light of our findings, we 
anticipate that the processivity and dynamics 
of other DEAD-box family members may be 
influenced by accessory cofactors, so that en- 
zymatic activities scored in their absence may 
not fully reflect the in vivo function of the 
proteins. 
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GENE REGULATION 


Discrete functions of nuclear 
receptor Rev-erba couple 
metabolism to the clock 


Yuxiang Zhang,’* Bin Fang,’* Matthew J. Emmett,’ Manashree Damle,' 
Zheng Sun,” Dan Feng,’ Sean M. Armour,’ Jarrett R. Remsberg,' Jennifer Jager,’ 
Raymond E. Soccio,'’ David J. Steger,’ Mitchell A. Lazar'+ 


Circadian and metabolic physiology are intricately intertwined, as illustrated by 
Rev-erba, a transcription factor (TF) that functions both as a core repressive 
component of the cell-autonomous clock and as a regulator of metabolic genes. 

Here, we show that Rev-erba modulates the clock and metabolism by different 
genomic mechanisms. Clock control requires Rev-erba to bind directly to the genome 

at its cognate sites, where it competes with activating ROR TFs. By contrast, Rev-erba 
regulates metabolic genes primarily by recruiting the HDAC3 co-repressor to sites to 
which it is tethered by cell type-specific transcription factors. Thus, direct competition 
between Rev-erba and ROR TFs provides a universal mechanism for self-sustained control 
of the molecular clock across all tissues, whereas Rev-erba uses lineage-determining 
factors to convey a tissue-specific epigenomic rhythm that regulates metabolism tailored 


to the specific need of that tissue. 


ircadian rhythmicity is a common fea- 
ture of nearly all physiological processes 
(1-4). Each cell of the body contains a mo- 
lecular clock composed of transcription 
factors that act on one another in inter- 
locking feedback loops that generate near-24- 
hour oscillations (3, 5). A core component of the 
molecular clock, the nuclear receptor Rev-erbo, 
is expressed with a circadian rhythm (6) and 
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represses BMALI, a positive regulator of clock 
output genes (7). Rev-erbo: represses many genes, 
often to regulate metabolism in a circadian and 
tissue-dependent manner (8-11). Thus, Rev-erbo. 
is central to complex interactions between the 
core clock and metabolism. 

Because Rev-erba is a core clock component 
but also has tissue-specific functions, we were in- 
terested in comparing its cistromes in different 
mouse tissues, including liver, brain, and epidid- 
ymal adipose tissue. The majority of Rev-erba 
binding sites were tissue-specific (Fig. 1A), and 
gene ontology analyses were consistent with 
specialized functions of Rev-erbo (fig. S1). How- 
ever, a common Rev-erbo cistrome included 
binding at clock genes in all tissues, consistent 
with its universal function in the core clock (fig. 
SD (6, 7, 12). 


sciencemag.org SCIENCE 


Downloaded from www.sciencemag.org on June 26, 2015 


RESEARCH | REPORTS 


RevDR2 and retinoid-related orphan recep- 
tor (ROR)-response element (RORE) were the 
most enriched motifs at Rev-erba binding sites 
shared among tissues (Fig. 1A). This is consistent 
with earlier reports that the function of Rev- 
erba as a repressive component of the molecu- 
lar clock involves binding to two RORE motifs 
that function in the transcriptional regulation 
of the Bmall gene (7, 13). Rev-erbo. recruits the 
nuclear receptor co-repressor-histone deacety- 
lase 3 (NCoR-HDAC3) complex to actively re- 
press Bmaill transcription (13), and liver-specific 
deletion of HDAC3 induced Bmall expression 
(fig. S2B) at Zeitgeber time (ZT) 10, consistent 
with previous reports (9, 13). However, the loss of 
HDAC3 did not dampen circadian rhythmicity 
of Bmaill or other clock components as much as 
the loss of Rev-erbo: itself, suggesting an addi- 
tional mechanism (fig. $2, A and B). 

Another, non-mutually exclusive mechanism 
posits competition with the activating nuclear 
receptor ROR for the DNA binding site, which 
contains RevDR2/RORE motifs bound by both 
receptors (14-17). The a and y isoforms of ROR are 
most abundant in liver (78) and are expressed in 
a circadian manner with a peak at ZT18, antiphase 
to Rev-erbo, (19), although the circadian varia- 
tion of RORa is modest and of unclear biological 
importance (fig. S3, A and B) (19). Liver-specific 
deletion of RORa and y markedly dampened 
the circadian oscillation of core clock genes in 
liver (fig. S3, C to E), consistent with previous 
reports (19). To determine target genes com- 
mon to RORs and Rey-erbo, we compared gene 
expression in livers depleted of RORa and y, at 
their peak time of expression, with gene ex- 
pression from Rey-erbo. knockout (KO) livers (9) 
(Fig. 1B). Intriguingly, genes regulated both by 
Rev-erba and the RORs included clock genes 
such as Bmall, Npas2, Cry1, and E4bp4 (Fig. 1B 
and fig. S3F) and were expressed with large cir- 
cadian amplitudes, consistent with the model 
that Rev-erbo. and RORs are both critical reg- 
ulators of the clock (Fig. 1C). By contrast, Rev- 
erba-specific genes had modest circadian rhythms 
and were enriched for liver metabolic processes 
(Fig. 1C and fig. S3F). 

Although RORa expression was similar at 
ZT10 and ZT22, there was a marked difference 
between RORa binding to ROREs at the clock 
genes Bmall and Npas2 at these times (fig. S4A). 
Deletion of Rev-erbo enhanced RORa recruit- 
ment to these sites at ZT10, and this was poten- 
tiated by loss of Rev-erbB (Fig. 1D), consistent 
with lower binding of RORo at ZT10 being due 
to competition with Rev-erbs. Conversely, hepatic 
overexpression of Rev-erba reduced RORa re- 
cruitment to Bmall and Npas2 sites at ZT22 (Fig. 
1E). Genome-wide, ~44% of RORa binding sites 
overlapped with Rev-erba, and these were more 
likely to be circadian than were RORo-specific 
sites (Fig. IF). In addition, sites of increased RORa 
binding at ZT22 were enriched for the RevDR2/ 
RORE motifs bound by both Rev-erbo. and RORo. 
(fig. S4, B and C). Moreover, oscillating RORa 
binding sites were enriched near common target 
genes of RORs and Rev-erbo (Fig. 1G), further 
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suggesting that RORo and Rev-erbo. compete for 
binding at highly circadian genes, including core 
components of the molecular clock. In contrast, 
consistent with its expression, RORy had a cir- 
cadian binding pattern at overlapped and non- 
overlapped sites (fig. S4D). 

To understand why Rev-erbo. and ROR tended 
to compete near clock genes but not Rev-erbo- 


specific genes, we performed chromatin immuno- 
precipitation (ChIP)-exonuclease followed by 
high-throughput sequencing (ChIP-exo) (20) in 
mouse liver at ZT10 to better resolve Rev-erbo. 
binding (fig. S5A). At clock genes regulated by 
Rev-erba and RORs, exemplified by Bmall and 
CryI1, the RevDR2/RORE motif was detected at 
ChIP-exo peaks (Fig. 2A, left). However, Rev-erba 
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Fig. 1. Rev-erba represses clock genes by competing with RORa at its cognate sites. (A) Overlap 
of Rev-erba cistromes in liver (9), brain, and epididymal adipose tissue (eWAT). Most significantly 
enriched known motifs (abundance >10%) in common and tissue-specific cistromes are shown. (B) 
Heat map showing expression fold changes of genes deactivated by RORa/y double KO (DKO/WT < -1.3, 
P < 0.01) and derepressed by Rev-erba KO (aKO/WT > 1.3, P < 0.01). (C) Mean relative global run-on 
sequencing (GRO-seq) transcription (left) throughout 24-hour light-dark cycle, as well as oscillation 
amplitudes (right) of RORs/Rev-erba common targets (red) and Rev-erba-specific targets (blue). 
Time points were duplicated for clearer visualization. (D) RORa binding at clock and control genes 
promoters at ZT10, in WT, Rev-erba KO (aKO), Rev-erbB knockdown (BKD), and aKO/BKD mice liver, 
analyzed by ChIP-PCR. Data are expressed as mean + SEM (* Student's t test, P < 0.05, n = 4 mice). 
(E) RORa binding at clock and control gene promoters at ZT10 or ZT22 in Rev-erboa overexpression 
(OE) mouse liver, analyzed by ChIP-PCR. Data are expressed as mean + SEM (* Student's t test, P < 
0.05, n = 6 or 7 mice). (F) Circadian binding of RORa at sites overlapped or not overlapped with Rev- 
erba cistrome (N.S., not significant; Student's t test, P > 0.05). (G) Percentage of common or Rev- 
erba-specific target genes containing high-confidence oscillating RORa binding sites [ZT22 > 2 
reads per million (rpm), ZT22/ZT10 > 1.5] within 50 kb of transcription start sites (P value from 
hypergeometric test). 
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ChIP-exo peaks were most commonly enriched 
for the motif bound by liver-lineage determining 
TF hepatocyte nuclear factor 6 (HNF6) (Fig. 2B). 
As exemplified by Cyp2b13 and Slc45a3, these 
Rev-erbo. binding sites colocalized with HNF6 in 
mouse liver (Fig. 2A, right). Overall, the HNF6 
motif was found at 1108 Rev-erba ChIP-exo sites 
(Fig. 2C), the vast majority of which were also 
detected by HNF6 ChIP-exo in liver (27) yet did 
not have an RORE motif nearby (fig. S5B). The 
genes located nearest to these Rev-erbo/HNF6 
binding sites (“Rev-erba/HNF6-exo sites”) were 
enriched for lipid metabolic processes (fig. S5C), 
similar to Rev-erba-specific gene regulation. In- 
deed, enhancer RNAs (eRNAs) at these sites bound 
by Rev-erbo. and HNF6 had a robust circadian 
expression pattern (Fig. 2D) and were markedly 
up-regulated in livers depleted of Rev-erbo, in- 
dicating active repression of enhancer function 
at these sites (Fig. 2E) (22). 

To test whether the binding of Rev-erba to the 
genome can be indirect, we used a mouse mod- 
el with a conditional deletion of the Rev-erbo 
DNA binding domain (DBD). These mice have 
been previously studied as a model of Rev-erba 
deletion (12, 23), but the targeting strategy is pre- 
dicted to lead to in-frame deletion of the DBD (fig. 
S6A), and Rev-erba immunoblot of mouse liver 
after Cre-recombination revealed an abundant 
species at the approximate molecular weight 
of the protein lacking the DBD (fig. S6B). The 
identity of this protein as full-length Rev-erba 
lacking its DBD was confirmed by mass spec- 
trometric analysis of Rev-erba immunoprecipi- 
tates from recombined liver extracts (fig. S6C). 
Thus, this model is actually a knock-in of a DBD 
mutation, rather than a complete knockout of the 
Reyv-erba protein. We studied the function of this 
Rev-erbo DBD mutant in mice whose livers were 
also depleted of Rev-erbB to eliminate its com- 
pensatory effects (6, 12). 

ChIP-seq analysis of Rev-erba in livers express- 
ing only the Rev-erbo, DBD mutant (“DBD™”) re- 
vealed a comparable level of binding at a subset 
of wild-type (WT) sites (“DBD-independent sites”), 
whereas binding was markedly reduced at many 
other sites (“DBD-dependent sites”) (Fig. 2E and 
fig. S7, A and B). HNF6 ChIP-seq signals (24) were 
more enriched at Rev-erbo DBD-independent 
sites than at the DBD-dependent sites (fig. S7C), 
suggesting that HNF6 might tether Rev-erba to 
the DNA even in the absence of Rev-erbo DBD 
domain. 

DBD-dependent sites were enriched in RORE 
as well as dimeric RevDR2 motifs, in agreement 
with direct DNA binding (fig. S7D). These mo- 
tifs are also recognized by ROR, and indeed the 
binding of RORa at these sites decreased marked- 
ly at ZT10, when Rev-erbo. competition is stron- 
gest (fig. S7E). RevDR2 motifs were depleted in 
DBD-independent sites, whereas ROREs still exist 
in a minority of sites (fig. S7D), suggesting that 
the RORE may facilitate, but is not required for, 
DBD-independent binding. The HNF6 motif 
was markedly enriched at DBD-independent 
sites (fig. S7D), and Rev-erbo. binding at Rev-erba/ 
HNF6-exo sites was comparable between WT 
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and DBD™ mice, following the same pattern as 
that seen at DBD-independent sites (fig. S7F). 
The simultaneous binding of Rev-erbo. and HNF6 
at these sites was confirmed by ChIP-re-ChIP ex- 
periments in WT liver, whereas HNF6 and Rev- 
erbo. were not colocalized at DBD-dependent sites 
(Fig. 2G and fig. S7G). Enhancer RNA transcrip- 
tion showed circadian oscillation in phase ZT22, 
at DBD-dependent and -independent sites (fig. 
S7H), suggesting active repression of Rev-erba 
in both cases. In agreement with Rev-erbo. func- 
tioning by recruiting the co-repressor complex, 


HDAC3 binding at Rev-erba sites was reduced 
in Rev-erb-depleted livers (fig. S7]). In addition, 
the HDAC3 ChIP-seq signal in the DBD™ was 
reduced at DBD-dependent sites but not at sites 
that are DBD-independent (Fig. 2H), suggesting 
active repression by Rev-erbo via recruitment 
of HDAC3. 

To determine whether HNF6 is required for 
Rev-erba DBD-independent binding, we per- 
formed ChIP-seq for Rev-erbo in the liver of 
129S1/SvlmJ mice and compared this result with 
that obtained in the C57BL/6J mice. The two 
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Fig. 2. Rev-erba binds to the genome using both DBD-dependent and DBD-independent mecha- 
nisms. (A) Genome browser view of Rev-erbo and HNF6 ChIP-exo signals under Rev-erba ChIP-seq 
peaks near clock and metabolic genes. Blue bars indicate locations of RevDR2/RORE and HNF6 motif. 
(B) Highly enriched known motifs found in Rev-erba ChIP-exo peak pairs 22 to 26 base pairs apart. (C) 
Heat map showing 5’-end tag densities of Rev-erba. ChIP-exo centered at HNF6 motifs within 1108 peak 
pairs. Red and blue indicate tag density on the plus and minus strand, respectively. (D) Mean relative 
eRNA transcription (22) at Rev-erba/HNF6-exo sites throughout 24-hour light-dark cycles. Data were 
double plotted for clearer visualization. (E) eRNA tag density (22) centered at Rev-erba/HNF6-exo sites 
near Rev-erba target genes, in Rev-erba KO and WT liver. (F) Heat map showing Rev-erba ChIP-seq tag 
densities (at ZT10) in WT, DBD mutant (DBD™), and Rev-erba KO (aKO) mice, at DBD-dependent 
and -independent sites identified among 5792 high-confidence Rev-erba peaks (peak height > 1 rpm, 
WT/Rev-erba KO > 3). (G) Sequential ChIP of Rev-erba followed by either HNF6 or immunoglobulin 
G ChIP in WT and DBD™ mouse liver at ZT10. Data are expressed as mean + SEM (* Student's t test, P < 0.05, 
n=3 or 4 mice per group). (H) Binding of HDAC3 at DBD-dependent and -independent sites in WT and DBD™ 


liver (N.S., Student's t test, P > 0.05). 
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strains differ by ~5.4 million single-nucleotide 
polymorphisms (SNPs), and SNPs were pre- 
dicted to cripple the HNF6 motif at 107 Rev-erb 


binding sites in C57BL/6J mice and 71 Rev-erb 
binding sites in 129S1/SvlmJ mice. Notably, 
Rey-erbo binding was markedly diminished at 
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the sites in which the SNPs disrupt either the 
RevDR2/RORE or the HNF6 motif in C57BL/6J 
or 129S1/SvlmJ mice, whereas Rev-erba binding 
at random SNPs tended to be unaffected (Fig. 3, 
A and B, and fig. S8A). Specific examples of 
strain-dependent binding of Rev-erbo. at HNF6 
sites are shown in Fig. 3, A and B, and differential 
binding in the two mouse strains was confirmed 
by ChIP-polymerase chain reaction (PCR) for 
HNF6 and Rev-erboa (fig. S8, B and C). Interest- 
ingly, although the HNF6 motif was most signif- 
icantly associated with strain specific Rev-erbo 
binding by the same analysis, we also found 
significant association with motifs for several 
other TFs that play important roles in liver func- 
tion, suggesting involvement of other partners in 
Rev-erbo. binding in the absence of RORE and 
RevDR2 (Fig. 3C). 

The preserved binding of HDAC3, mediated by 
Rev-erbo. DBD mutant, at metabolic genes sug- 
gested that hepatic expression of these genes 
might also be intact relative to livers of mice in 
which the Rev-erba protein is deleted. To test 
this hypothesis, we compared the gene expres- 
sion changes in mice lacking Rev-erba in liver 
with published results using the DBD™ mouse 
model used here, in which Rev-erbo is con- 
verted to the DBD mutant and Rev-erbf is also 
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x x . Cre)) or control mice (floxed mice injected with 

Near Se ee ase: Fine Eleyahesss Cone Rae” AAV-Tbg-green fluorescent protein (GFP)) at ZT10. 

genes Ae oe a Data are expressed as mean + SEM (* Student's t test, P < 0.05, n = 4 mice per group). (D) Hepatic triglyceride (TG) 

se Sa” concentrations in the same mice as in (B). (E) Hepatic TG concentrations in mice as in (C) (* Student's t test, P < 0.05, n = 4 mice 
per group). 
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lipid metabolic genes independent of its DBD. 
In support of this, DBD-independent Rev-erba/ 
HDACS3 sites were enriched near DBD-independent 
Rev-erba targets, whereas DBD-dependent Rev- 
erbo/HDAC3 sites, where Rev-erba and HDAC3 
binding was markedly reduced in DBD™ mice, 
were more enriched near DBD-dependent Rev- 
erba targets (Fig. 4A). Examples of the deletion- 
specific regulation of metabolic genes are shown 
in Fig. 4, B and C. Consistent with preserved 
metabolic gene expression in the DBD™ mice 
livers, these mice did not display hepatosteatosis 
as is characteristic of the mice with complete 
deletion of Rev-erba (Fig. 4, D and E, and fig. 
S9C) (6, 9). 

These findings demonstrate that Rev-erba. has 
a DBD-independent function that contributes to 
its regulation of liver metabolism. Other nuclear 
receptors, including estrogen receptor and glu- 
cocorticoid receptor, have DBD-independent ac- 
tivities through protein-protein interactions with 
other TFs, either directly or indirectly (25, 26). In 
liver, Rev-erbo. is tethered to chromatin by he- 
patic lineage-determining TFs (fig. S10), and this 
mechanism of binding explains much of the non- 
overlapping cistromes of Rev-erbo in different 
tissues, as well as the large proportion of bind- 
ing sites without the RevDR2/RORE motif. In 
liver, the tethered cistrome is more enriched for 
genes with specialized function in hepatic me- 
tabolism, whereas the DBD-dependent cistrome 
is enriched for circadian clock genes and com- 
mon to multiple tissues. 

Circadian clocks and metabolism are tightly 
connected (J, 3, 4), and Rev-erba has emerged 
as a transcriptional link from circadian rhythms 
to metabolism in multiple tissues (8). Our find- 
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ings delineate a molecular hierarchy that gov- 
erns how the clock is wired with metabolism. 
Direct competition between Rev-erb and ROR 
provides a universal mechanism for self-sustained 
control of the molecular clock across all tissues. 
On top of this basic landscape, circadianly ex- 
pressed Rev-erb uses lineage-determination fac- 
tors to convey a tissue-specific epigenomic rhythm 
that, through co-repressor and HDAC3, regulates 
metabolism tailored to the specific need of that 
tissue. These two modes of action may bestow 
on Rev-erba the ability to stabilize the circadian 
oscillations of clock gene, while coupling liver 
metabolism to environmental and metabolic 
changes, perhaps through its endogenous ligand 
heme (27, 28). This raises the possibility that 
synthetic ligands that specifically affect Rev-erba 
interaction with NCoR/HDAC3 without disrupt- 
ing DNA binding could modulate liver metabo- 
lism with lesser effects on the integrity of the 
circadian clock. 
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_ Main building of the University of Hong Kong _ 


The globalization 
of universities and 
science in Southern 


China 


Universities in south China are taking the lead in an array of 
reforms aimed at making academic centers and scientific 
collaboration more international and more dynamic. Leaders 
of universities across southern Guangdong Province are ex- 
panding award schemes designed to recruit researchers and 
scientists who have obtained advanced degrees or taught in 
the United States or Europe. These measures are increasing 
openings for scholars trained abroad, and are helping global- 
ize university faculties and joint scientific research. In the pro- 
cess, China is strengthening its position as a world power in 
science. By Kevin Holden 


s the new millennium unfolds, reform-minded lead- 

ers of Chinese universities and academies, and of 

independent scientific institutes, are all pushing for 

research discoveries and applications that will bolster 
China’s rise in diverse spheres of science. 

These leaders—many of whom have received advanced 
degrees in the United States or Europe—likewise support mak- 
ing colleges and scientific collaboration more international and 
dynamic. 

This trend is gaining momentum in south China’s Guang- 
dong Province and is creating new openings for scientists 
trained abroad. 

For centuries, coastal Guangdong has been China’s main 
portal for contact with the West— everyone from Italian astrono- 
mers to British tea traders ended their seafaring passage from 
Europe at one of the province’s harbors—and the region is mov- 
ing to expand these intercontinental connections. 

Capped on one side by the South China Sea and by 
mountains to the north, Guangdong features the palm-tree— 
lined megacities of Guangzhou and Shenzhen along the Pear! 


Upcoming Features 


River Delta, one of the planet’s most densely populated regions. 

Zhuhai, a smaller seaside outpost opposite the former Portu- 
guese colony of Macau, hosts China’s biggest space technol- 
ogy exhibition every 2 years. Daya Bay, a boating resort in east- 
ern Guangdong, holds a massive nuclear power complex. 

On the island of Hainan, just off Guangdong’s coast, China 
is constructing its most technologically advanced spacecraft 
launch center—the first spaceflight complex to be open to inter- 
national visitors. 

Although Guangzhou, the provincial capital, has been the aca- 
demic center of south China for hundreds of years, Shenzhen— 
a sleepy checkerboard of coastal villages when the People’s 
Republic was founded nearly 6 decades ago—is now experi- 
encing a construction boom in terms of new colleges. 

Guangdong’s simultaneous moves to expand universities and 
to attract scholars worldwide to conduct research or teach at 
these academic centers are rapidly boosting progress across a 
spectrum of scientific areas. 


Guangzhou’s universities are magnets for scholars 
trained abroad 

In Guangzhou, which has been an export powerhouse in 
terms of manufactured goods since the launch of China’s mar- 
ket-oriented reforms more than three decades ago, academic 
leaders are ramping up campaigns to “import” scholars who 
can help shape the transition to a knowledge-based economy. 

At Guangzhou’s Sun Yat-sen University, President Luo Jun 
is using an assortment of talent schemes, along with perks like 
access to one of the world’s fastest supercomputers, to attract 
scientists worldwide to the university’s School of Advanced 
Computing, School of Engineering, and School of Life Sciences. 

The university was founded by Sun Yat-sen, the Hawaiian- 
educated leader of the 1911 revolution that toppled 2,000 years 
of imperial rule and gave birth to the Republic of China. Sun, a 
medical scholar who became the first president of the new re- 
public, envisioned a rejuvenated China guided by “science and 
democracy,” and he promoted ever-closer ties with the West. 

These days, the university he created is transforming itself 
into an international center for the life sciences and engineering, 
partly by forging partnerships with American schools: Sun Yat- 
sen University has teamed up with Johns Hopkins University 
to create the Medical Research Center for Clinical and Transla- 
tional Research, and with Carnegie Mellon University to launch 
the Joint Institute of Engineering. 

The university recently received international attention after 
a group of 16 scientists based at the Key Laboratory of Gene 
Engineering published the results of a controversial experiment 
in which they genetically modified single-cell human embryos 
to repair the human B-globin (HBB) gene in a procedure aimed 
at preventing a serious blood disorder (www.sciencemag.org/ 
content/348/6234/486. full). 

Some scholars argue that the Chinese scientists have crossed 
an ethical line by editing the human genome, but others wel- 
come China’s comparatively liberal regulation of this area of 
experimentation, which allows genetics researchers to push the 
scientific envelope. 

Meanwhile, Sun Yat-sen University and other academic 
centers across Guangdong are competing continued> 
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South University of Science and T 


“Over 95% of the current faculty members are 
Chinese scholars returning from abroad.” 
— Chen Shiyi 


to attract Chinese scientists who have relocated to Europe or 
North America after studying there. 

For example, Jinan University, which has five campuses 
spread across the cities of Guangzhou, Zhuhai, and Shenzhen, 
is stepping up recruitment of researchers who have obtained a 
degree or taught abroad, says university president Hu Jun. 

Jinan University’s academic focus ranges from aquatic ecolo- 
gy and biotechnology to medical bioengineering and traditional 
Chinese medicine. 

The university’s globe-spanning headhunting campaign cov- 
ers the fields of biology, medicine, information science, and 
engineering; this effort has been so successful that more than 
half of the scholars currently joining the faculty have been 
trained abroad, Hu says. 

“Talent from overseas have more expansive academic views 
and international ways of thinking,” Hu explains. These scholars 
likewise tend to develop innovative approaches to research and 
thinking about science. 


Shenzhen’s new universities and their global alliances 

In the seaside city of Shenzhen, which borders the former 
British enclave of Hong Kong, the speed of change across the 
sciences and the university system has been dramatic. 

At Shenzhen’s South University of Science and Technology of 
China, which was launched just 5 years ago, “over 95% of the 
current faculty members are Chinese scholars returning from 
abroad,” says university President Chen Shiyi. 

Chen, a former Oppenheimer Fellow at the Los Alamos 
National Laboratory in New Mexico, says: “This high ratio of 
professors with [training from] foreign universities makes South 
University a leader in Chinese academic and scientific commu- 
nities in terms of the level of globalization.” 

The university, which holds departments in physics, chem- 
istry, life sciences, electronic engineering, and environmental 
engineering, “was built with a mission to serve as an experi- 
mental ground to reform the Chinese higher education system,” 
he explains. 

Many courses are taught in English, with textbooks from 
North America or Europe, Chen says. He adds that South Uni- 
versity is currently searching for experts in the fields of neural 
and cognitive sciences, biology and gene engineering, physics, 
nanotechnology, environmental sciences, large-scale computa- 
tional research, robotics, and artificial intelligence. The university 
is also searching for candidates to serve as dean of the School 
of Engineering or the School of Life and Health Sciences. 


“South University of Science and Technology of China is also 
making a huge effort to increase the level of globalization by 
recruiting more high-quality non-Chinese professors and inter- 
national students to its campus,” Chen says. 

Many new academic centers launched across China, he 
adds, are becoming testing grounds for reforms aimed at con- 
necting universities and students through a global network of 
partnerships. 

At South University, which has woven a web of collaboration 
with 18 world-leading universities, Chen says, “The goal is to 
provide the opportunity for every student to take part in an in- 
ternational exchange.” 


A new Chinese-Danish college in Guangdong 

South University is also co-founding a new college in a unique 
union with the University of Copenhagen in Denmark and with 
Shenzhen-based BGI, one of the world’s leading genome re- 
search institutes. 

The new BGI Genomic College will recruit scientists and stu- 
dents globally, says Wang Jun, executive director of BGI. 

Wang says the experimental structure of the new college, in 
contrast with China’s traditional universities, will foster innova- 
tion across the life sciences, and will feature cutting-edge re- 
search in medicine, biology, genomics, and bioinformatics. 

BGl—which is part research institute and part genomics ap- 
plications developer—has already launched satellite research 
groups in Europe and the United States and aims to move its 
talent from city to city, continent to continent, to promote schol- 
arly collaboration. 

This worldwide rotation of talent will allow scientists to under- 
stand different cultures and approaches to research. 

BGI was set up as an independent research institute in 1999 
in order to represent Chinese scientists in the Human Genome 
Project (www.genome.gov/10001772), and recently signed 
an agreement with the Bill and Melinda Gates Foundation 
to collaborate on genetics studies tied to global health and 
agricultural breakthroughs envisioned as part of the United 
Nations Millennium Development Goals (www.un.org/millen- 
niumgoals). 

The leaders of BGI, which was founded in the Chinese capital, 
say they opted to move the institute’s headquarters to Shen- 
zhen due to the city’s openness to international trends and 
thinking. 

Shenzhen was a sparsely populated region of rice paddies 
with a tightly guarded, barbed-wire border with British-ruled 
Hong Kong during the isolationist rule of Chairman Mao Ze- 
dong. It was transformed into China’s first “special economic 
zone,” aimed at integrating the country into the global market, 
after Mao’s successors began jettisoning the chairman’s most 
radical policies. 

Shenzhen, now one of the globe’s fastest-growing cities, is 
also seeking ever-closer economic, academic, and cultural ties 
with post-colonial Hong Kong. 

And as Shenzhen adopts components of Hong Kong’s 
capitalist-model economy and open, international education 
system, it has begun competing with the former British outpost 
to build China’s biggest stock market, attract biotech startups, 
and recruit leading scientists. 


South China’s global collaboration in visual computing 
The Shenzhen Institutes of Advanced Technology, part of the 
Chinese Academy of Sciences, have tapped continued> 
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Jinan University is the first overseas Chinese university founded by the government in China, and the key 
comprehensive “211 Project” university under the Overseas Chinese Affairs Office of the State Council. It has 15 
PE * K we post-doctorial research stations, 4 national key disciplines, 8 key disciplines of the Overseas Chinese Affairs Office 
a + of the State Council, 20 Guangdong Province Level-l key disciplines, and 4 Guangdong Province Level-ll key 
JINAN UNIVERSITY disciplines. There are four campuses of Jinan University located in three cities, Guangzhou, Shenzhen and 


Zhuhai, covering a total area of 1,461,300m?. 
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The Institute of Photonics Technology of Jinan University is founded in 2009. It specializes in research into 
fundamental research and development in the fields of advanced photonic devices, fiber sensor techniques, high 
speed optical communications, microwave photonics and micro-nanophotonics. The institute has an excellent 
research team consisting of the winner of “National Science Fund for Distinguished Young Scholars”, the 
Recruitment Program of Global Youth Experts, the New Century Excellent Talents and so on. Open research 
positions for lecturers and postdoctoral researchers are available now. 
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1. Requirement 

1. Lecturers: having the Ph.D in the domestic or oversea high-level university, or research institutes, with excellent 
academic records. We encourage applications from candidates with backgrounds in microwave photonics, optical 
communication and fiber sensor technology. Candidates with oversea study and work experience are 
highly desirable. 

2. Postdoctoral researchers: having the Ph.D in the domestic or oversea university, or research institutes.A strong 
expertise in optical communication, fiber sensing, microwave photonics, Bio-photonics, polymer photonics, 
micro-nano photonics, and being under the age of 35, are required. 


Careers 


lence 


Sc 


Il. Salary and benefits 

Refer to the relevant documents of the university on the talent introduction, and the specific is negotiable. For the 
postdoctoral researchers, an annual salary for each successful applicant is valued at RMB130,000 (before tax). 
During the postdoctoral period, an extra RMB 50,000, RMB 30,000 and RMB 30,000 bonus will be rewarded for 
each success winner of the National Science fund, the provincial and ministerial fund, or each SCI indexed 
1-level publication, respectively. 


Ill. Application procedures 
Applications including a full CV and photocopies of published academic papers should be sent to Prof. Guan (head 
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of our institute) by E-mail: tguanbo@jnu.edu.cn. 


Contact information 
Web Site:http://ipt.jnu.edu.cn 
Tel: +86-20-85222046 
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The Soochow University Institutes for Translational Medicine (SU-ITM) is a new 
research establishment with a mission to accelerate the advancement in strategies for 
patient care and healthy improvement through bridging strong university-wide 
foundation in basic research with clinicians, patients and pharmaceutical industry. 
SU-ITM strives for its excellence in translating discoveries from basic research in 
immunology, stem cells and cancer into prophylactically and therapeutically novel 
strategies and new products by soliciting expertise in various research enterprises 
across all campuses of Soochow University and affiliated hospitals. Through 
developing close ties with Suzhou Industrial Park, Suzhou municipal government, 
Jiangsu provincial government and the Yangtze River Delta region, SU-ITM is 
anticipated to contribute to the social need and prosperity rising locally and 
nationally. SU-ITM will focus on unmet medical needs of autoimmune, metabolic 
and degenerative disorders, and cancers. Excellent research platforms have been 
established for the SU-ITM mission in precision medicine, strategies of stem cell and 
regenerative medicine, immunological therapies, and novel diagnostic techniques. 
SU-ITM seeks outstanding scholars to fill academic positions at different levels to 
strengthen the research programs in cancer, immunology, stem cell biology, and drug 
discovery with strong emphasis on translational research. Qualified applicants 
should have a doctoral degree (Ph.D., M.D./Ph.D., or an equivalent) and received 
minimally 3 years of post-doctoral training. A good publication record is required. 
SU-ITM offers generous start-up funding, newly renovated laboratory space and 
state-of-the art research equipment and facilities. SU-ITM has an outstanding 
research environment including adjacent Suzhou Cold Spring Harbor meeting 
facility, excellent opportunities to collaborate with colleagues at Soochow 
University and affiliated hospitals as well as other institutes in nearby Shanghai 
metropolitan (25 min by train). Excellent recruitment package including relocation 
fees, competitive stipend and social benefits will be offered. Soochow University is 
highly experienced in assisting application for national scholar programs such as 
Thousand Talents Program and Young Thousand Talents Program. 

Interested applicants should forward their curriculum vitae, a statement of research 
proposal, 3-5 exemplary publications, and 2-3 recommendation letters to Dr. Yufang 
Shi, the Dean of Soochow University Institutes for Translational Medicine 
(shiyufang2@gmail.com) or Dr. Bingxue Shang (bingxueshang@suda.edu.cn), 
Soochow University Institutes for Translational Medicine, Soochow University, 199 
Ren Ai Road, Suzhou Industrial Park, Suzhou 215123, China. 
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Anhui Polytechnic University 
1. Disciplines Required 
Those to be recruited should major in one of the 
following disciplines: Mechanical Engineering, 
Material Science & Engineering, Electrical 
Engineering, Controlling Science & Engineering, 
Information & Communication Engineering, 
Textile Science & Engineering, Costume Design 
& Engineering, Business Administration, 
Management Science & Engineering, Design 
Art, Computer Science & Technology, Finance 
Engineering, English Language & Literature, PE 
Sociology, Civil Engineering and Architecture. 
2. Recruiting Posts 
2.1 Innovation Teams (full-time or flexible-time) 
AHPU is of great interest to recruit those 
excellent innovation teams which have already 
gained some significant achievements in fields 
related to AHPU’s disciplines or have 
manifested remarkable potential of innovation 
with significant breakthrough in related core 
technologies. 
2.2 Leading Academics (full-time or flexible-time) 
Leading academics include: members of 
Chinese Academy of Science, members of 
Chinese Academy of Engineering; academicians 
or research teams of internationally renowned 
academic institutes; heads of 863 Projects; 
winners of Top 1000 National Talents Program, 
the National Science Fund for Distinguished 
Young Scholars, or the National Famous 
Teachers Award; the Yangtse Scholars; 
Professors or the like in renowned universities 
or institutes overseas; nominees of National 
Hundred, Thousand & Ten Thousand Talents 
Project. 
2.3 Specially-appointed professors (full-time or 
flexible-time) 
The said professors are those with a doctorial 
degree conferred by renowned universities 
overseas, doctors of renowned universities 
overseas, professors in 985 or 211 Project 
universities, or researchers in the Institutes 
under Chinese Academy of Science. 


2.4 Specially-appointed associate professors 
(full-time or flexible-time) 

The said associate professors are those with a 
doctorial degree conferred by renowned 
universities overseas, doctors of renowned 
universities overseas, or associate professors in 
985 or 211 Project universities with a doctorial 
degree. 

3. Salary and Allowance 

Those who are enrolled by AHPU will be 
provided with 500,000 to 2,000,000 RMB for 
house purchase, 150,000 to 500,000 RMB for 
accommodation, and 2,000,000 to 10,000,000 
RMB as research funding. All these privileges 
are offered depending on the enrollees’ previous 
academic achievements, and spouses will be 
assigned to appropriate posts according to their 
educational backgrounds. The salary and 
allowance for innovation teams can be 
negotiated. 

4.Recruiting Procedures and Contact Information 
4.1 Recruiting procedures 

Applicants should email their application forms 
to the email box of the Personnel Office and 
those of corresponding colleges (please see the 
column of “Personnel Recruitment”). The email 
subject should be in the format of “Global Talent 
+ Applicant's Name —University —Discipline—Title 
(Doctor, Professor or Team in a specific field). 
4.2 Contact Information 

This recruitment information is perennial effective. 


Look forward to your joining AHPU! 


Contact Person: 

WANG Zhong-jiang, YANG Ji-long 

Contact Department: 

Personnel Office, Personnel Department, Anhui 
Polytechnic University 

Contact Telephone: 

+86 0553 2871214 

Contact Email: 2006rsc@sina.com 
Website:www.ahpu.edu.cn 


Young 1000 Talents Global Recruitment Program 


South University of Science and Technology 
Shenzhen, China 
http: //www.sustc.edu.cn 


online @sciencecareers.org 


The South University of Science and Technology in Shenzhen, China 
(SUSTC) is seeking outstanding candidates for the “Young 1000 
Talents Global Recruitment Program” sponsored by the Central 
Government of China. Applications are invited for all major scientific 
and engineering disciplines. Successful applicants wilal be appointed to 
the faculty of SUSTC at a level commensurate with each applicant's 
background and experience, from assistant, or associate to full 
professor. SUSTC offers a generous salary and startup package for 
“Young 1000 Talents Program’ recipients, including: a) starting salaries 
from 350,000 to 600,000 RMB for appointments at different ranks; b) a 
living subsidy of up to 1.75 million RMB over 3-5 years; c) a start-up 
fund of up to 9.5 million RMB; d) two fully paid research assistants; and 
e) housing accommodation in an on-campus apartment of 100-150 m’. 


Science Careers 


Applicants should have a Ph.D. degree in a relevant science and 
engineering field and three years or more of post-doctoral research or 
work experience. Applicants must have a proven track record of 
high-quality scientific publications. They must also have excellent 
communications skills and are capable of teaching classes in English. 
Those interested are invited to apply through the job website at 
http://talent.sustc.edu.cn/en/enindex.aspx. For additional information, 
please contact: Ms. Jing Long, phone: +86-755-88010968; email: 
1000plan@sustc.edu.cn, talents@sustc.edu.cn. 
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SUSTC was founded in 2011 in the southern city of Shenzhen, the 
epicenter of China’s economic miracle and ingenuity over the past 35 
+ years. Situated ona tranquil and piciabescue. campus of ‘rolling hills and 
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The Chinese Academy of Sciences 
has similarly attracted Western 
scientists who are co-powering 
progress in such fields as “electric 
vehicles, integrated circuits, 
pharmaceutical development, and 
computer science.” 


— Hui Huang 


Featured Participants 


BGI 
www.genomics.cn/en/index 


Chinese Academy of Sciences 
english.cas.cn 


Daya Bay Reactor Neutrino 
Experiment 
dayabay.ihep.ac.cn/twiki/bin/ 
view/public 


Jinan University 
oiss.jnu.edu.cn/category_81/ 
index.aspx 


Lawrence Berkeley National 
Laboratory 
www.lbl.gov 


Shenzhen Institutes of 
Advanced Technology, CAS 
english.siat.cas.cn 


Sun Yat-sen University 
www.sysu.edu.cn/201 2/en/ 
index.htm 


South University of Science 
and Technology of China 
www.sustc.edu.cn/en 


University of California, 
Berkeley 
www.berkeley.edu 


University of Copenhagen 
www.ku.dk/english 


University of Hong Kong 
www.hku.hk 


1500 


the national Thousand Talents program to attract a circle of 
scholars including German computer scientist Oliver Deussen 
into the new Visual Computing Research Center. Deussen, one 
of the world’s leading experts on modeling three-dimensional 
urban scenes, architecture, natural objects, and biological pro- 
cesses, has developed a sophisticated series of software pack- 
ages to render these subjects in videos, computer graphics, or 
animations. 

Based at Germany’s University of Konstanz and recently 
nominated for an American Academy Award for scientific 
achievement, Deussen is now working with his Chinese 
colleagues at the visual computing outpost on everything 
from transforming human models into animation characters 
to creating abstract renderings of architectural works or even 
entire city sectors. 

“In my area of visual computing, which includes computer 
graphics, image analysis, and data visualization, the 
Chinese Academy of Sciences [has been] able to gather top 
international scientists,” Deussen says. A new research group 
that combines these international scientists with their Chinese 
colleagues is already making significant contributions to the 
field of visual computing, he adds. 

One of the primary challenges facing researchers in south- 
ern China, he says, is government pressure to make inter- 
nationally recognized advances in their field at hyper-speed. 


“Change is happening so fast,” Deussen notes, “that individu- 
als and systems can hardly follow.” 

Hui Huang, the Canadian-educated director of the Visual 
Computing Center, says the Chinese Academy of Sciences 
has similarly attracted Western scientists who are co-powering 
progress in such fields as “electric vehicles, integrated cir- 
cuits, pharmaceutical development, and computer science.” 

These scholars, she adds, are helping transform southern 
China into a globally linked hub for new frontiers of research in 
science and technology. 


Nuclear reactors and neutrino experiments at Daya Bay 

Due east along Guangdong’s coastline, one of the region’s 
most sophisticated technological projects, the Daya Bay 
Nuclear Power Complex, is also the stage for a cutting-edge 
experiment in high-energy physics: measuring the proportion 
of electron antineutrinos from the nuclear reactors that morph 
into other types, or generations, of these leptons as they 
speed through space. 

Ghost-like particles that were first created in the instant 
following the Big Bang, antineutrinos and their partner 
neutrinos travel at close to the speed of light and are 
notoriously difficult to observe as they move through space, 
passing through planets, star systems, and galaxies with 
scant interactions with other forms of matter. 

But Daya Bay’s nuclear reactors produce billions of trillions 
of electron antineutrinos every second, emitted by neutrons 
during a process called “beta decay,” and scientists have 
finally been able to measure their metamorphosis as they pass 
through a series of detectors positioned outside the reactors. 

Physicists from south China’s Shenzhen University, 
Dongguan University of Technology, the Chinese University 
of Hong Kong, and the University of Hong Kong, along with 
counterparts from the Lawrence Berkeley National Laboratory 
in California, are all part of the Daya Bay collaboration 
measuring this antineutrino transformation with increasing 
precision. 

Many of the Chinese researchers leading the Daya Bay 
experiment have been trained in the United States or Europe, 
and the Chinese Academy of Sciences is now searching for 
international experts in particle physics to work on similar 
experiments in the future. 

Kam-Biu Luk, a professor of physics at the University of 
California, Berkeley and a visiting professor at the University 
of Hong Kong, heads the United States’ participation in the 
China-based neutrino experiment. The Daya Bay project, 
which is being co-led by China and the United States, “is one 
of the most productive experiments in particle physics [being] 
carried out by an international collaboration,” he says. 

The success of Daya Bay “has captured the attention of the 
international community of particle physics,” adds Luk. 

Chinese breakthroughs in understanding these fundamental 
particles, like its progress in human spaceflight, Luk says, 
“demonstrate the capability and potential of China in science 
and technology, which are on the rise.” 

“With the steady decline in supporting basic science in the 
Western world,” Luk predicts, “China could well be the future 
Mecca for particle physics.” 


Kevin Holden, a writer based on the east coast of China and the west coast 
of the United States, covers advances in science and technology across the 
Pacific Rim. 


DOI: 10.1126/science.opms.r1500155 
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Director of Clinical Cancer Genetics 


Roswell Park Cancer Institute, an NCI-Comprehensive 
Cancer Center in Buffalo, NY, invites applications for the 
position of Director of Clinical Cancer Genetics. Candidates 
are sought with M.D., M.D./Ph.D. or Ph.D. degrees at the 
Associate or Full Professor level. The successful applicant 
will work in a leadership position with our Center for 
Personalized Medicine in the use of genetic sequencing and 
epigenetic data to guide clinical treatment, to identify at-risk 
populations and to define genetic biomarkers in clinical trials 
that will be part of the new Clinical and Translational Science 
Center. Ideal candidates will have a proven track-record in 
funded research programs involving clinical genomic- and 
epigenomic-based approaches such as next-gen sequencing 
to identify and characterize cancer-related driver mutations, 
genes, expression signatures and/or genetic components 
relating to cancer initiation, progression and/or treatment 
response. Applicants will be highly collaborative, eager to 
develop “team science” and involved in translational projects 
with applications to clinical samples, thereby strengthening 
the mission of the Comprehensive Cancer Center Genetics 
Program, the Center for Personalized Medicine and the 
Institute. 


America’s first cancer center founded in 1898 by Dr. Roswell 
Park, the mission of the Roswell Park Cancer Institute is to 
provide total care to cancer patients, conduct research into 
the cause, treatment, and prevention of cancer, and to educate 
the public and the next generation of researchers who study 
and treat cancer. Over its long history, Roswell Park Cancer 
Institute has made fundamental contributions to reducing the 
cancer burden and has successfully maintained an exemplary 
leadership role in setting the national standards for cancer 
care, research and education. The campus spans 25 acres in 
downtown Buffalo and consists of 15 buildings with about 
1.6 million square feet of space. A new hospital building, 
completed in 1998, houses a comprehensive diagnostic and 
treatment center. In addition, the Institute built a new medical 
research complex and renovated existing education and 
research space to support its future growth and expansion. 


Applicants for this position must have a distinguished record 
of scientific achievement, demonstrated leadership skills, 
a productive research program recognized at the national 
and international level, and a commitment to education and 
mentorship of students and faculty. Please submit a CV, a letter 
of interest addressing research, educational, administrative 
and leadership goals and vision, and contact information on 
three referees to Irwin H. Gelman, Ph.D., John and Santa 
Palisano Chair of Cancer Genetics, Roswell Park Cancer 
Institute, Elm & Carlton Streets, Buffalo, NY 14263, care 
of Amy Troutman at amy.troutman@roswellpark.org. 


RPCT is an M/F/D/V Affirmative Action Employer. 
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CONFERENCE 


FALLING WALLS 
BERLIN , 
8/9 NOV: 


FALLING WALLS is a unique inter- FALLING WALLS VENTURE 
national platform for leaders fromthe (8 November, 11 am - 6 pm] is an 
worlds of science, business, politics, international forum for outstanding 


the arts and society. 


THE FALLING WALLS CONFERENCE 
(9 November, 9 am - 7 pm] is at the heart 
of the Falling Walls days in Berlin. 

20 world-class scientists from top 
institutions around the globe present Falling Walls attracts an audience 
in only 15 minutes each the break- from more than 80 nations and is 
throughs they are working on. covered by media globally. 


science based start-up companies, 
venture capital companies and 

strategic investors. It is supported 
by the European Private Equity and 
Venture Capital Association (EVCA). 


More information and registration: www.falling-walls.com 


Foderal Ministry 


AB | ciescccton 
| se, @ wemnorrz Robert Bosch Stiftung 
| ASSOCIATION 


ch 


be, zm Science Maccte 


ATKearney Oo» BASF DAAD DFG fois rnsoencrsie: ~~ ELSEVIER 


SCIENTIFIC 
nature AMERICAN: 


a) 


Stifterverband “Bs 
fr die Deutsche Wissenschaft 


Special Job Focus: 


Immunology 
July 10, 2015 


Reserve space by July 6* 
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What makes Science the best choice? 
Read and respected by 570,400 readers around the globe 
78% of readers read Science more often than any other journal 
Your ad sits on specially labeled pages to draw attention to the ad 


Your ad dollars support AAAS and its programs, which strengthens the global 
scientific community. 


Why choose this immunology section for your advertisement? 
Relevant ads lead off the career section with special Immunology banner 
Bonus distribution to: 


8th International AIDS Society (IAS) Conference 
July 19-22, Vancouver, British Columbia, Canada 


Malaria 
July 25-26, Girona, Spain. 


Expand your exposure. Post your print ad online to benefit from: 
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Dedicated landing page for jobs in immunology 
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PRINCETON 
UNIVERSITY 


Vice President for Princeton Plasma Physics Laboratory 


Princeton University seeks nominations and applications for the position of Vice President (VP) for the 
Princeton Plasma Physics Laboratory (PPPL). Princeton University manages and operates PPPL under 
contract with the U.S. Department of Energy (DOE), and funding for the Laboratory comes primarily 
from the Office of Fusion Energy Sciences within the DOE Office of Science. As one of the 10 National 
Laboratories owned by the DOE Office of Science, PPPL employs a staff of approximately 450 to conduct 
a leading program in fusion energy research and plasma science, funded at approximately $90M per year. 


Reporting to the Provost, the Vice President (VP) is responsible for representing the university’s interests 
with respect to the contract, including all aspects of oversight, financial and contractual issues, relations 
with the DOE, and other matters associated with the management and operation of the laboratory. The VP 
oversees the performance of PPPL in science, operations and strategic planning, and serves on the PPPL 
Management Group Board of Directors, the entity of Princeton University having corporate responsibility for 
the laboratory. The VP, the PPPL Director (who reports to the VP) and the DOE Site manager work together 
to ensure a transparent and effective Contractor Assurance System. An important additional responsibility is 
to identify and support opportunities for collaborative research and other activities between PPPL and the 
main campus. The VP also represents Princeton University on relevant associations, such as the Brookhaven 
Science Associates Board of Directors, and the Council of Presidents of Universities Research Association. 


Princeton is seeking a candidate with a proven record of scientific or technical accomplishment and success in 
leading and managing complex scientific programs or organizations. Prior experience with and understanding 
of the operations and expectations of the DOE are highly desirable. Ability to communicate effectively with 
staff, researchers, and government officials is essential. The responsibilities of the Vice President for PPPL 
constitute approximately 50% of a full-time position. 


Applications should be submitted online to http://jobs.princeton.edu 


Nominations may be sent to: 
Pablo G. Debenedetti, Dean for Research 
91 Prospect Avenue 
Princeton University 
Princeton, NJ, 08540 
dfr@princeton.edu 


To receive full consideration, nominations and applications should be received by July 31, 2015. 


Princeton University is an Equal Opportunity Employer and all qualified applicants will receive 
consideration for employment without regard to race, color, religion, sex, sexual orientation, gender identity, 
national origin, disability status, protected veteran status, or any other characteristic protected by law. 


Charitable Foundation 


The EGL Charitable Foundation 
invites you to apply to the 


Gruss Lipper Post-Doctoral 
Fellowship Program 


Eligibility 


e Israeli citizenship 


e Candidates must have completed PhD 
and/or MD/PhD degrees in the Biomedical 
Sciences at an accredited Israeli 
University/Medical School or be in their 


final year of study 


e Candidates must have been awarded a 
postdoctoral position in the U.S. host 


research institution. 


BIOLOGY 


TEXAS A&M UNIVERSITY 


ik 


Two Faculty Positions in Evolutionary Genomics 


The Department of Biology at Texas A&M University invites applications 
for two tenure-track Assistant Professor positions in evolutionary genomics, 
starting in the fall of 2016. 


We will consider candidates pursuing innovative research in any area of 
evolutionary genomics, including empirical, theoretical or computational 
approaches applied to any taxonomic group. The criteria for selection will be 
uniqueness, creativity and excellence in research and scholarship. We require 
all candidates to have a Ph.D. and strongly encourage applications from 
candidates who will increase the exposure of our students to a diverse culture. 


Successful candidates will be expected to develop externally funded research 
programs and to teach undergraduate and graduate courses. The Department 
of Biology (www.biology.tamu.edu) is part of an interactive and collegial 
research environment, offering a modern infrastructure and competitive 
startup packages. The broader Texas A&M research community includes a 
number of exciting interdepartmental programs, such as the new Ecology 
and Evolutionary Biology Doctoral Program (eeb.tamu.edu), the Texas A&M 
Institute for Genome Sciences and Society (genomics.tamu.edu), and the 
Genetics Interdisciplinary Graduate Program (genetics.tamu.edu). 


Applicants should email a letter of intent, curriculum vitae, statements of 
research and teaching interests, and should arrange to have three letters of 
recommendation sent to evosearch@bio.tamu.edu. Review of applications 
will begin September 1, 2015. Questions regarding this search should be 
directed to Dr. Adam G. Jones, chair of the search committee, at evosearch@ 
bio.tamu.edu. 


Texas A & M University is an Equal Opportunity/Affirmative Action 
Employer that is dedicated to the goal of building a culturally diverse and 
pluralistic faculty and staff who are committed to teaching and working 
in a multicultural environment. We strongly encourage applications from 


Details regarding the fellowship are available 
at www.esicf.org 


NW210508R, 


women, minorities, veterans, individuals with disabilities, and the LGBTO 
community. In addition, the University is responsive to the needs of dual 
career couples. 
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Faculty Positions at the Indian 
Institute of Science Education and 
Research Bhopal 

The Indian Institute of Science Education and Research (IISER) Bhopal 
(www.iiserb.ac.in) offers various degree programmes in Biological Sciences, 


Chemistry, Earth and Environmental Sciences, Engineering Sciences, 
Mathematics, and Physics. 


2 me,» 


IISER Bhopal (www.iiserb.ac.in) seeks candidates for faculty positions 
at all levels in the Departments of Engineering Sciences & Earth and 
Environmental Sciences. The Institute is also looking for Post-Doctoral 
Fellows in the above departments. 


Areas 

e Engineering Sciences (www.iiserb.ac.in/engr): Various areas of 
Engineering Sciences including but not limited to Computer Science, 
Electronics and Communication, Material Science, and Electrical, 
Chemical, and Mechanical Engineering. 


Earth and Environmental Sciences (EES) (www. iiserb.ac.in/ees): 
Various areas of EES including but not limited to Geochemistry (Stable 
and Radioactive), Atmospheric Sciences (Dynamics and Chemistry), 
Structural Geology, Sedimentology, Geophysics, Paleontology, Soil and 
Water Sciences, Oceanography, Remote Sensing and GIS. 


Eligibility criteria, recruitment procedure, pay/perks, and a format of the 
application form are accessible online via http://www.iiserb.ac.in/ofa 


Applicants residing in India should send hard copies of the applications in 
the prescribed format to: 


Dr. Ramya Sunder Raman 

Head, Department of Earth and Environmental Sciences & 

Head, Engineering Sciences 

IISER Bhopal, Bhopal Bypass Road, Bhauri, 

Bhopal 462 066, Madhya Pradesh, INDIA 

Email: hod_ees@iiserb.ac.in; hod_engr@iiserb.ac.in 

Phone: +91 755 6692 369 

Applicants residing abroad may submit their application via e-mail to 


hod_engr@iiserb.ac.in or hod_ees@iiserb.ac.in, as the case may be, with 
a copy to dofa@iiserb.ac.in 
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TECHNOLOGICAL 
UNIVERSITY 


Asian School of the Environment, 
Nanyang Technological University, Singapore 


Young and research-intensive, Nanyang Technological University 
(NTU Singapore) is the fastest-rising university in the world’s Top 50 and 
ranked 39th globally. NTU is also placed 1st amongst the world’s best 
young universities. 


FOUR FACULTY POSITIONS 

The Asian School of the Environment (ASE) at NTU Singapore seeks 
to hire faculty for four professor-level positions (rank commensurate 
with experience) as part of a terrestrial and marine initiative in 
Southeast Asia. ASE, a new interdisciplinary School, focuses on Asian 
environmental challenges integrating Earth systems, environmental 
life sciences, ecology, and the social sciences to address key issues 
of the environment and sustainability. Strong interdisciplinary links 
between ASE and the Singapore Centre on Environmental Life Sciences 
Engineering (SCELSE), the Earth Observatory of Singapore (EOS) and 
the Complexity Institute provide an excellent community for tackling 
large, cutting-edge research questions. Successful candidates will 
also contribute to development and execution of new undergraduate 
programmes. 


1. Aquatic Chemistry (open professor rank) 

We seek a creative and cutting edge aquatic chemist who focuses 
on environmental sustainability of natural systems and who has an 
interest in addressing research questions in Southeast Asia. Research 
interests may include but are not limited to, natural and anthropogenic 
contaminants of fresh water systems, nutrient cycling and the carbon 
cycle, redox chemistry using tools such as stable isotopes and water 
sediment interactions amongst other areas. 


2. Environmental Organic Chemistry (open professor rank) 
We seek a creative and cutting-edge marine chemist focusing on 
environmental sustainability of natural systems and who has an 
interest in addressing research questions in Southeast Asia. Research 
interests may include but are not limited to, organic contaminant fate 
and transport, synthesis and processing of organic molecules in the 
environment, stable isotope techniques to evaluate the sources, sinks 
and cycling of organic matter in aquatic or marine environments. 


3. Environmental Microbiology (open professor rank) 

We seek a creative and cutting-edge microbiologist exploring microbial 
diversity and activity in natural systems and their implications on 
ecosystem functions and services. The successful applicant should 
have a clearly defined interest in addressing research questions in 
Southeast Asia. Research interests may include but are not limited, 
to microbial physiology, environmental virology, bacterial genetics and 
diversity, microbe-host interactions using tools such as genomics and 
metagenomics amongst other areas. 


4. Biogeochemistry (open professor rank) 

We seek a creative and cutting-edge biogeochemist investigating 
biological, chemical and geological processes on societally relevant 
time-scales in wetlands, rivers, soils or oceans. The successful applicant 
should have a clearly defined interest in addressing research questions 
in Southeast Asia. Research interests may include but are not limited to, 
global carbon and nutrient cycling, ocean-atmosphere interactions, and 
microbial or organic biogeochemistry amongst other areas. 


The candidates are expected to: 

e Establish a world-class research programme 

* Play a leading role in the formation of the new Asian School of the 
Environment 

Enhance the new School's visibility as an international leader in 
education and research in Environmental Earth System Science 
Teach undergraduate and graduate classes in Environmental Earth 
System Sciences 

Actively collaborate with NTU faculty and researchers with existing 
strengths in Earth Systems Science and Environmental Life Sciences 


Applications, including the applicant’s experience/ philosophy of 
research, teaching, a CV, and contact information for two professional 
references should be sent to Chairman of Search Committee, NTU, at 
ASE-EnvSc@ntu.edu.sg. 


Review of applications will begin in August 2015 and will continue until 
the positions are filled. NTU offers highly competitive salaries and on- 
campus housing. A start-up package will be available. NTU is an equal 
opportunity employer. 

More information can be found at: 

www.ase.ntu.edu.sg 

www.earthobservatory.sg 

www.scelse.sg 

www.complexity.ntu.edu 


www.ntu.edu.sg 
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Be sure to promote your openings to the thousands of scientists 
who read Science to find out about the latest postdoc opportunities. 


FACULTY CAREERS | September 18, 2015 


Gear up to recruit for the faculty positions at your university with this 
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\ S AS 
~CICNCe, 


— | 


Produced by the Science/AAAS Custom Publishing Office. 


SCIENCECAREERS.ORG 


To book your ad: advertise@sciencecareers.org 


The Americas Japan 
202-326-6582 +81-3-3219-5777 


Europe/RoW China/Korea/Singapore/Taiwan 
FROM THE JOURNAL SCIENCE TAVAAAS +44(0)1223-326500 | +86-186-0082-9345 


Broader antibody cross-competition ups your odds of 
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studies. You can also combine multiple experiments into 
one dataset to easily visualize and cluster antibodies in a 
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Host Cell Protein Detection and 
Quantification 

The Gyrolab CHO-HCP Kit 1 detects and 
quantifies host cell proteins (HCP) from 
Chinese hamster ovary (CHO) cells used 
in bioprocessing of biotherapeutics. HCP 
are measured throughout the production 
process, as they may affect the safety 
and efficacy of the biotherapeutic. Gyro- 
lab CHO-HCP Kit 1 has been validated 
for use on Gyrolab xP workstation and 
the new Gyrolab xPlore and is ready 

to use, eliminating the need for time- 
consuming assay development. The au- 
tomation capabilities of Gyrolab systems 
enable 96 data points to be generated in 
approximately one hour without manual 
intervention, saving time, and reducing 
errors and repeats. The kit broadens 

the analytical range from typically two 
orders of magnitude to four, and there- 
fore requires fewer dilutions and fewer 
reruns than alternative methods. Gyrolab 
CHO-HCP Kit 1 contains all the reagents 
needed to produce 96 data points, in- 
cluding a specific Bioaffy CD that has 
been optimized for this HCP assay. 
Gyros 

For info: +46-(0)-18-56-63-00 
www.gyros.com 


IHC Reference Standards 

A unique range of genetically defined, 
highly characterized HDx Reference 
Standards are now available for immu- 
nohistochemistry (IHC) assays. The intro- 
duction of IHC HDx Reference Standards 
provides histopathology laboratories with 
a consistent and reproducible source of 
reference material for the development 
and quality control of IHC assays. The 
independent external controls contain 
precisely defined protein expression 
levels presented on one slide, providing 
scientists the ability to easily determine 
the sensitivity of their assay. These stan- 
dards are unique in having undergone 


a high level of characterization at a molecular and protein level, 
including Quantitative Digital Pathology, to quantify the intensity of 
staining. Variability in the quality of clinical samples and immunohis- 
tochemistry staining is a major concern within pathology laborato- 
ries as these techniques are used to confirm diagnoses. The use of 
independent external controls enables consistency, reproducibility, 
and accuracy to be maintained and monitored across the labora- 
tory workflow, including operators, assays, manufacturers, and 


platforms. 

Horizon Diagnostics 
For info: 800-860-1567 
www.horizondx.com/ihc 


LIFE SCIENCE TECHNOLOGIES 


Automated Western Blot Processing 
Based on proprietary sequential lateral flow 
(SLF), the new iBind Flex Western System 
is designed to enable a more versatile 
walk-away solution for the immunodetec- 
tion step in a Western blotting workflow. 
Researchers now have the ability to adapt 
the iBind Flex Western Device to a variety 
of blot formats and sample throughput. 
Compatible with downstream chemilumi- 
nescent, colorimetric, or fluorescent de- 
tection protocols and optimized for higher 
sensitivity and reproducibility, there is 
potential for a significant reduction in pri- 
mary antibody required when compared 
with manual blot processing. Experi- 
mental results can be achieved without 
the need for power, pumps, or vacuums 
through the use of SLF technology, which 
is designed to automate the blocking, 
primary and secondary antibody binding, 
and washing steps for immunodetection 
of proteins transferred to a nitrocellulose 
or PVDF membrane. The sequential and 
uniform flow of solutions across a glass 
fiber matrix ensures a consistent antigen- 
antibody interaction to deliver robust pro- 
tein detection. 

Thermo Fisher Scientific 

For info: 800-955-6288 
www.lifetechnologies.com/ibindflex 
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NEW PRODUCTS: PROTEIN ANALYSIS 


Protein Interactions Assay 
NanoBRET Protein Interaction Assays 
use a new Bioluminescence Resonance 
Energy Transfer (BRET) technology 

that enables scientists to quantitatively 
measure protein:protein interactions in 
live cells. With NanoBRET Protein Inter- 
action Assays, researchers can study 
both induction and inhibition of protein 
interactions in real time using full-length 
proteins expressed at physiologically 
relevant levels. Conventional BRET mea- 
sures the interaction of proteins using a 
bioluminescent donor fused to a protein 
of interest and a fluorescent acceptor 
fused to its binding partner; the donor 
does not excite the fluorophore using 
light, but transfers resonance energy 
through dipole-dipole coupling. The 
optimized NanoBRET Protein Interaction 
Assays use NanoLuc Luciferase as the 
energy donor and HaloTag protein as 
the energy acceptor. NanoBRET Tech- 
nology has improved spectral overlap, 
increased signal, and provided lowered 
background. In addition, the brighter 
light output from NanoLuc enables use 
of NanoBRET even at low expression 
levels, while still providing efficient en- 
ergy transfer. 

Promega 

For info: 608-274-4330 
www.promega.com 


Gel Imager 

The easy-to-use PXi Access systems 
offer major advances on film detection 
and can rapidly generate high-quality 
images of virtually all types of large 
blots and gels. The new compact PXi 6 
or 9 Access systems are complete with 
high-performance cameras capable of 
imaging a wide range of blot and gel 
types and sizes. The camera in each PXi 
Access features superb optics, which 
means scientists can set up quickly 
and detect even the faintest amounts 


of DNA or protein with a much greater sensitivity than film. PXi Ac- 
cess is so flexible that the systems can image stain-free gels and 
blots or those stained with any commercial chemiluminescence, 
fluorescence, visible, and IR dyes. For imaging chemi blots, the PXi 
Access uses a wide dynamic range to optimize exposure for each 
protein, accurately quantifying abundant and poorly expressed 
proteins, making this a much simpler method than using film for 
producing Western blot results. 


For info: +44-(0)-1223-727123 
www.syngene.co.uk/pxi-pxi-touch 


Electronically submit your new product description or product literature information! Go to www.sciencemag.org/products/newproducts.dtl for more information. 


Newly offered instrumentation, apparatus, and laboratory materials of interest to researchers in all disciplines in academic, industrial, and governmental organizations 
are featured in this space. Emphasis is given to purpose, chief characteristics, and availability of products and materials. Endorsement by Science or AAAS of any 
products or materials mentioned is not implied. Additional information may be obtained from the manufacturer or supplier. 
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Stockholm in the second week of December is a special place. The city is alive 
with excitement as it welcomes and celebrates the new Nobel Laureates at the 
annual Nobel Prize ceremony. 


If you are a PhD student, you could be here too - meeting a Nobel Laureate and 
receiving a rather special prize yourself. 


The journal Science & SciLifeLab have established The Science & SciLifeLab Prize for 
Young Scientists, to recognize and reward excellence in PhD research and support young 
scientists at the start of their careers. It’s about bright minds, bright ideas and bright futures. 


Four winners will be selected for this international award. They will have their essays published 
in the journal Science and share a new total of 60,000 USD in prize money. The winners 
will be awarded in Stockholm, in December, and take part in a unique week of events 
including meeting leading scientists in their fields. 


“The last couple of days have been exhilarating. It has been an experience of a lifetime. 
Stockholm is a wonderful city and the Award winning ceremony exceeds my wildest dreams.” 
—Dr. Dan Dominissini, 2014 Prize Winner 


Who knows, The Science & SciLifeLab Prize for Young Scientists could be a major step- 
ping stone in your career and hopefully one day, during Nobel week, you could be visiting 
Stockholm in December once again. 


The 2015 Prize is now open. The deadline for submissions is August 1, 2015. 
Enter today: www.sciencemag.org/scilifelabprize 


The 2015 Prize categories are: 
* Cell and Molecular Biology 
¢ Ecology and Environment 

* Genomics and Proteomics 


¢ Translational Medicine 


This prize is made possible with the 
kind support of the Knut and Alice 
Wallenberg Foundation. This Founda- 
tion grants funding in two main areas; 
research projects of high scientific poten- 
tial and individual support of excellent 
scientists. 
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| DRUG DISCOVERY AND DEVELOPMENT ) 


Finding cures starts 
with research tools 
that actually work... 


e Proteomic products and services 


e Focused product portfolio 


e Products tested for specificity and sensitivity 


e Antibodies rigorously tested across a 
wide range of research applications 


e Custom formulations 
e cGMP compliant ASRs* 


e Bulk orders and lot reservations 


Learn more at: www.cellsignal.com/drugdiscovery 
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WORKING LIFE 


By Rachel Bernstein 


The health of those who study health 


ehavioral scientist Warren Holleman spent much of his career serving the homeless at a 
community health center, but about 5 years ago he began serving a different population: 
university faculty. As the director of the Faculty Health & Well-Being Program at the Univer- 
sity of Texas MD Anderson Cancer Center in Houston, “I went from encouraging homeless 
people to take better care of their health to encouraging doctors and scientists to take better 
care of their health.” Sometimes, he adds, “the homeless people are easier to access because 


1506 


the doctors and the scientists are so busy.” 


Academic life can be hard: Extreme 
pressure to publish and an exception- 
ally competitive funding environ- 
ment can cripple morale, Holleman 
says. But there’s not much informa- 
tion about how faculty members are 
faring physically and mentally. “It 
seems so ironic to me that biomedi- 
cal scientists, the people who study 
the health of everybody else,... 
have barely had their own health 
studied,’ Holleman says. 

The Faculty Health & Well-Being 
Program was created in 2001 after 
a faculty member died by suicide. 
Shortly after Holleman took the 
helm, he interviewed 19 depart- 


tered and focused.” The program, 
he says, “allows me to be more 
creative at work, more effective at 
time management, and to develop 
better interpersonal skills and 
emotional intelligence.” 

Beyond the specifics of each 
event, the social contact can have 
a positive impact, Holleman says. 
“Social connections help people 
cope with stress and be satisfied 
with their job.” Scientists, though, 
may miss out on these benefits be- 
cause they “tend to be introverts, 
and their work tends to isolate them 
to some extent in their labs. ... We 
keep trying to come up with ways 


ment chairs to learn how the fac- Bur. ning the candle at to encourage social connection.” 

ulty was doing. The answer: Stress both ends is “just “I think there are a lot of people 

was high and morale was low. He ° ” who would benefit from our pro- 
not sustainable. 


tried to expand his work by col- 
laborating with scientific societies, 
but the three he approached turned 
him down. “It seems to me that there might be a sense in 
which they really don’t want to know what the situation 
might be,” he says. 

The primary underlying issues—scarce funding, publish- 
or-perish culture, bureaucratic challenges—are systemic and 
beyond the scope of what a single person, study, or institution 
can solve, but Holleman believes his program helps by pro- 
moting better health and well-being practices among faculty 
members. Some of the events—lectures, panel discussions, 
and workshops addressing work-life balance and resilience— 
are typical fare for an academic campus. Others, though, may 
raise eyebrows: weekly meditation, yoga, and tai chi classes; 
“stress-buster” concerts; faculty art shows. 

“Some programs will help some people; others will 
help others,” Holleman says. For Pratip Bhattacharya, a 
professor of cancer systems imaging, attending yoga and 
meditation classes about once a month is “an effortless 
stress relief” that provides “an overall sense of being cen- 


grams who don’t come,” Holleman 
continues. But he believes the bene- 
fits of his efforts will be felt beyond 
the immediate participants. “I feel that [our events] have 
an overall benefit of encouraging everybody to find what 
works for them. ... A big part of what we do is being kind of 
a beacon for culture change in the area of work-life balance 
and good physical and mental health.” 

“T think many faculty [members] would like to partici- 
pate in theory, but they haven’t managed the time to figure 
out how,” Bhattacharya says. “I guess it’s not very high on 
the priority list of most faculty [members], who are very 
preoccupied with day-to-day work.” For those who are 
having a hard time tearing themselves away from the lab, 
Holleman emphasizes that burning the candle at both ends 
is “just not sustainable. You'll be less productive in the long 
run, as well as less happy and less healthy.” = 


Rachel Bernstein is a staff writer for Science Careers. For 
more on life and careers, visit ScienceCareers.org. Send 
your story to SciCareerEditor @aaas.org. 
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